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(54) Image processing apparatus 

(57) In an apparatus and method for creating a 
three-dimensional model of an object, images of the ob- 
ject taken from different, unknown positions are proc- 
essed to identify the points in the images which corre- 
spond to the same point on the actual object (that is 
"matching" points), the matching points are used to de- 
termine the relative positions from which the images 
were taken, and the matching points and calculated po- 
sitions are used to calculate points in a three-dimension- 
al space representing points on the object. A number of 
different techniques are used to identify the matching 
points, and a number of solutions are calculated and 
tested for the relative positions, the solution which is 
consistent with the largest number of matching points 
being selected. In one matching technique, edges in an 
image are identified by first identifying corner points in 
the image and then identifying edges between the cor- 
ner points on the basis of edge orientation values of pix- 
els, the edges are processed in strength order to remove 
cross-overs, the images sub-divided into regions by 
connecting points at the ends of the edges on the basis 
of the edge strengths, and matching points within cor- 
responding regions in two or more images are identified. 
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Description 



[0001] The present invention relates to an image processing apparatus and method. 

[0002] Creating three-dimensional computer models of a real-lite object has traditionally been time consuming and 
expensive, requiring skilled personnel and/or expensive equipment. One reason tor this is that it is necessary to de- 
termine the relative -depth' of points on the object as well as the relative positions of the points in two dimensions 
[0003] Known techniques for creating three-dimensional computer models from real objects fall into one of two cat- 
egories, namely active techniques in which depth information is obtained by actively sensing the surface of the object 
and passive techniques in which depth information is obtained from images of the object. 

[0004] Examples of active techniques include scanning the object with a pulsed laser beam and measuring the 
detection time of pulses relative to their transmission time to determine depth information (as in a laser "rangefinder") 
and touching the object at a number of points on its surface with a position-sensitive probe. 

[0005] In conventional passive techniques, at least two images of the object taken from different camera positions 
are needed. To construct a three-dimensional computer model from the images, it is necessary to know firstly the 
location in each image of points which represent the same actual point on the object, and secondly the relative positions 
from which the images were taken. These are particularly onerous requirements. As a result, in known passive systems 
distinguishing marks/calibrations are added to the object or its surroundings to enable matching points to be easily 
identified in the images, and/or the images are taken from known camera positions 

[0006] For example, WO-A-90/10194 discloses a system for measuring strain distribution in an object using the 
three-dimensional coordinates of points on the object surface calculated from two images of the object To facilitate 
the matching of points in the images, a uniform square grid pattern is applied to the object before the images are taken 
by electrochemical etching or silk screening. Corresponding points of intersection of the grid lines can then be easily 
identified in the .mages. Further, the object is placed on a rotary table which is rotated by a known angle between 
images, thereby defining the relative camera positions. 

[0007] US 4803645 discloses a system for determining three-dimensional coordinates of points on an object in which 
a grid or similar periodic pattern is projected onto the object using a light projector, and images of the object are taken 
using three imaging systems at fixed, predefined positions. 

[0008] WO-A-86/02518 discloses a system for producing a depth map of an object from a plurality of images taken 
from imaging devices set in a predefined, known configuration. Similarly, US 53071 36 discloses an automobile distance 
detection system which determines the range of an automobile using images taken from a plurality of cameras mounted 
in a predefined, known configuration in the user's automobile 

[0009] GB-A-2244621 . WO-A-92/06444 and US 4695156 all disclose systems for determining three^Jimensional 

™Zr!? ,° S P °' ntS ° n a " ° bieCt SUrf3Ce fr0m s,ereo ima 9 es of ,he ob i ect ^ al ^own camera positions 
[0010] In many cases, however, it is inconvenient, expensive, and/or infeasible to provide a reference grid or mark- 
ings/calibrations on the object or its surroundings, or to take images from known relative positions Reliable and ac- 

rZt 6 , te f mqUeS ,h6n reqUired ,0 ma,Ch P ° intS in ^ e images and/or ,0 calculate ,he re lative camera positions 
[001 1] Even if reference markings are used, it would be desirable to identify other matching points in the images to 
give more points with which to calculate the camera positions. This would enable the camera positions to be calculated 
more accurately and/or would allow fewer reference markings to be used on the object or its surroundings 
[0012 Further, even if matching points are identified using reference features, an accurate and reliable technique 

retoJe p32.i P ° Siti0nS 31 WhiCh imaQeS W8re ' aken 18 neCessary if the ima 9 es were not ,aken fra ™ known 
[0013] The present invention aims to address one or more of the above problems, and aims to provide an imaqe 
processing apparatus and method for determining matching features in images of an object and/or an apparatus and 
method for calculating the positions at which the images were taken. 

[0014] The present invention provides an image processing apparatus or method in which image data for a plurality 
of images of an object is processed without using prior information on the relationship between the positions from which 
the .mages were taken to identify corresponding object features in the images. Matching features are identified using 
a first techmque, the relationship between the images is determined and its accuracy tested, and. if the accuracy is 
not sufficient, user-identified features are used to identify matches with a second technique 

[0015] The present invention provides an image processing apparatus or method in which image data for a plurality 
of .mages of an object is processed without using prior information on the relationship between the positions from which 
n«r a9 l S T ^ l ° iden ' ify corres P° ndin 9 ° b i e * Matures in the images. The following steps are iteratively 
In, dUnt " ades,r ? d ^curacy isachieved: (i) user-identified features are used to identify further matching features 
and (ii) the accuracy of the further identified features is determined 

E^S ?• a T faCi ; °' matCh6S " de,ermined bv calculating the relationship between the imaging 
positions. Signals defining this relationship are then also produced. 

[0017] According to the present invention, there is provided an image processing apparatus or method in which 
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image data for a plurality of images of an object is processed without using prior information on the relationship between 
the positions from which the images were taken to identify corresponding object features in the images. Matching 
features are identified using a first technique, the relationship between the images is determined, and further matches 
are identified using a second technique together with the determined relationship. 
s [0018] Preferably, the first technique includes a user identifying features, and the second technique includes the 
image processing apparatus identifying features. 

[0019] The present invention provides an image processing apparatus or method in which image data for at least 
three images of an object is processed without using prior information on the relationship between the positions from 
which the images were recorded, to determine the relationship. Matching features in first and second images are 
10 identified and used to determine the positional relationship between these images. The positional relationship is used 
to identify at least one additional match in the first and second images, at least one of the additional matches is then 
matched in a third image and the positional relationship of the third image is determined. 

[0020] The present invention also provides an image processing apparatus or method. in which this process is adapt- 
ed if corresponding object features in a pair of images are already known, or if the positional relationship between a 

15 pair of images is already known. 

[0021] The present invention provides an image processing apparatus or method in which image data for a plurality 
of images of an object is processed without using prior information on the relationship between the positions from which 
the images were taken to identify corresponding object features in the images. Each image is notionally split into regions 
on the basis of matches defined in input signals, and the mapping of regions between images is determined and used 

20 to identify further matches. 

[0022] Embodiments of the invention will now be described by way of example only with reference to the accompa- 
nying drawings, in which: 

[0023] Figure 1 schematically shows the components of an image processing apparatus in an embodiment of the 
invention. 

25 [0024] Figure 2 illustrates the collection of image data by imaging an object from different positions around the object. 
[0025] Figure 3 shows, at a top level, the processing operations performed by the image processing apparatus of 
Figure 1 in an embodiment of the invention. 

[0026] Figure 4 shows the steps performed during initial data input at step S2 in Figure 3. 

[0027] Figure 5 illustrates the sequencing of images by a user at step S22 in Figure 4. 
30 [0028] Figure 6 shows the relationship between the operations in Figure 1 of initial feature matching at step S4, 

calculating camera transformations at step S6 and constrained feature matching at step SB. 

[0029] Figure 7 shows in greater detail the relationship between the operations shown in Figure 6. 

[0030] Figure 8 shows the operations performed during automatic initial feature matching across the first pair of 

images in a triple of images at step S52 in Figure 7. 
35 [0031] Figure 9 shows the operations performed during automatic initial feature matching across the second pair of 

images in a triple of images at step S54 in Figure 7. 

[0032] Figure 10a and Figure 10b schematically illustrate a "perspective" image and an "affine" image, respectively. 
[0033] Figure 1 1 shows, at a top level, the operations performed during affine initial feature matching for the first (or 
second) pair of images in a triple of images at step S62 or step S64 in Figure 7. 
40 [0034] Figure 1 2 shows the operations performed in finding the edges in each image of a pair of images at step S1 00 
in Figure 11. 

[0035] Figure 13 illustrates the pixels which are considered when calculating edge strengths at step S106 or step 
S108 in Figure 12. 

[0036] Figure 14 shows the operations performed when calculating edge strengths at step S106 and step S108 in 
45 Figure 12. 

[0037] Figure 15 shows the operations performed when removing edges which cross over other edges at step S112 
in Figure 12. 

[0038] Figure 1 6a, Figure 1 6b and Figure 1 6c show examples of two edges, Figures 1 6a and 1 6b showing examples 
in which the edges do not cross, and Figure 16c showing an example in which the edges do cross. 
so [0039] Figure 17 shows the operations performed when triangulating points at step S102 in Figure 11 . 

[0040] Figure 1 B shows the operations performed when calculating further corresponding points in a pair of images 
at step S104 in Figure 11. 

[0041] Figure 19 illustrates the use of a grid of squares at steps S162, S174 and S 180 in Figure 18. 
[0042] Figure 20 shows, at a top level, the operations performed when calculating the camera transformations for a 
55 triple of images at steps S56 and S66 in Figure 7. 

[0043] Figure 21 shows, at a top level, the operations performed when carrying out processing routine 1 at step S202 
in Figure 20. 

[0044] Figure 22 shows the operations performed when setting up the parameters at step S206 in Figure 21. 
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[004S] Figure 23 shows the operations performed in determining the number of iterations to be carried out at step 
S224 in Figure 22. 

[0046] Figure 24 shows, at a top level, the operations performed when calculating the camera transformations for a 
first pair of images in a triple or a second pair of images in a triple at step S208 or step S210 in Figure 21 
5 [0047] Figure 25 shows the operations performed when carrying out a perspective calculation for an imaqe pair at 
step S240 in Figure 24. 

[0048] Figure 26 shows the operations performed when testing the physical fundamental matrix against each pair 
of matched user-identified points and calculated points at steps S254 and S274 in Figure 25. 
[0049] Figure 27 shows the operations performed when carrying out an affine calculation for an imaqe pair at step 
10 S242 in Figure 24 K 

[0050] Figure 28 shows the operations performed when calculating the camera transformations for all three imaqes 
in a triple at step S21 2 in Figure 21 . 

[0051] Figure 29 illustrates the scale, s, and the rotation angles p1 and p2 for the three images in a triple. 
[0052] Figure 30 shows the operations performed when calculating s and/or p1 and/or p2 at steps S350 S352 S354 
is and S356 in Figure 28. 

[0053] Figures 31 a, 31 b, 31 c and 31 d illustrate the different pi , p2 combinations considered at step S380 in Figure 30. 
[0054] Figure 32 shows the operations performed when calculating the best scale at step S382 in Figure 30. 
[0055] Figure 33 illustrates how the translation of a camera is varied at step S400 in Figure 32 to make rays from all 
three cameras cross at a single point. 

20 [0056] Figure 34 shows the operations performed to test the calculated scale against all triple points at step S404 
in Figure 32. 

[0057] Figure 35 illustrates the projection of rays for points in the outside images of a triple of imaqes at step S426 
in Figure 34. 

[0058] Figure 36 shows, at a top level the operations performed when carrying out processing routine 2 at step S204 
25 in Figure 20. 

[0059] Figure 37 shows the operations performed when reading existing parameters and setting up parameters for 
the new pair of images at step S450 in Figure 36. 

[0060] Figure 38 shows the operations performed when calculating the camera transformations for all three imaqes 
in a triple at step S454 in Figure 36. 
30 [0061] Figure 39 shows, at a top level, the operations carried out when performing constrained feature matchinq for 
a triple of images at step S74 in Figure 7. 

[0062] Figure 40 shows the operations performed at steps S500 and S502 in Figure 39 when performing processinq 
to try to identify a corresponding point for each existing "double" point. 

[0063] Figure 41 shows, at a top level, the operations performed when generating 3D data at step S1 0 in Figure 3 
[0064] Figure 42 shows the operations performed when calculating the 3D projection of points within each user- 
identified double or points which forms part of a triple with a subsequent image at step S520 in Figure 41 
[0065] Figure 43 illustrates the results when step S520 in Figure 41 has been performed for a number of points 
across five images. 

[0066] Figure 44 shows the operations performed in identifying and discarding inaccurate 3D points and calculating 
the error for each pair of camera positions at steps S522 in Figure 41. 

[0067] Figures 45a and 45b illustrate the shift calculated at step S556 in Figure 44 between 3D points for a given 
pair of camera positions and corresponding points for the next pair of camera positions. 

[0068] Figure 46 illustrates corrected 3D points for the next pair of camera positions which result after step S566 in 
Figure 44 has been performed, and the corresponding points for the current pair of camera positions 
[0069] Figure 47 illustrates a number of points in 3D space and their associated error ellipsoids 
[0070] Figure 48 shows the steps performed when checking whether combined 3D points correspond to unique 
image points and merging ones that do not at step S528 in Figure 41 . 

[0071] Figure 49 shows the operations performed when generating surfaces at step S12 in Figure 3 
[0072] Figure 50 shows the steps performed when displaying surface data at step S1 4 in Figure 3 
[0073] In the embodiment which will now be described, the object data representing the tridimensional model of 
he object recreated from the two-dimensional photographs is processed to display an image of the object to a user 
from any selected viewing direction. The object data may however, be processed in many other ways for different 
applications. For example, the three-dimensional model may be used to control manufacturing equipment to manu- 
facture a model of the object. Alternatively, the object data may be processed so as to recognise the object, for example 
by comparing it with pre-stored data in a database. The data may also be processed to make measurements on the 
object This may be particularly advantageous where measurements can not be made directly on the object itself for 
example, if it would be hazardous to make such measurements - if the object was radioactive for example The three- 
d.mens.onal model may also be compared with three-dimensional models of the object previously generated to deter- 
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mine changes therebetween, representing actual physical changes to the object itself. The three-dimensional model 
may also be used to control movement of a robot to prevent the robot from colliding with the object. Of course, the 
object data may be transmitted to a remote processing device before any of the above processing is performed. In 
particular, the object data may be provided in virtual reality mark-up language (VRML) format for transmission over the 
5 Internet. 

[0074] Figure 1 is a block diagram showing the general arrangement of an image processing apparatus in an em- 
bodiment. In the apparatus, there is provided a computer 2, which comprises a central processing unit (CPU) 4 con- 
nected to a memory 6 operable to store a program defining the operations to be performed by the CPU 4 ( and to store 
object and image data processed by CPU 4. 

w [0075] Coupled to the memory 6 is a disk drive 8 which is operable to accept removable data storage media, such 
as a floppy disk 1 0, and to transfer data stored thereon to the memory 6. Operating instructions for the central processing 
unit 4 may be input to the memory 6 from a removable data storage medium using the disk drive 8. 
[007S] Image data to be processed by the CPU 4 may also be input to the computer 2 from a removable data storage 
medium using the disk drive 8. Alternatively, or in addition, image data to be processed may be input to memory 6 

is directly from a camera 1 2 having a digital image data output, such as the Canon Powershot 600. The image data may 
be stored in camera 1 2 prior to input to memory 6, or may be transferred to memory 6 in real time as the data is gathered 
by camera 12. Image data may also be input from a conventional film camera instead of digital camera 12. In this case, 
a scanner (not shown) is used to scan photographs taken by the camera and to produce digital image data therefrom 
for input to memory 6. In addition, image data may be downloaded into memory 6 via a connection (not shown) from 

20 a local database, such as a Kodak Photo CD apparatus in which image data is stored on optical disks, or from a remote 
database which stores the image data. 

[0077] Coupled to an input port of CPU 4, there is an input device 14, which may comprise, for example, a keyboard 
and/or a position sensitive input device such as a mouse, a trackerball, etc. 

[0078] Also coupled to the CPU 4 is a frame buffer 16 which comprises a memory unit arranged to store image data 
2S relating to at least one image generated by the central processing unit 4, for example by providing one (or several) 
memory location(s) for a pixel of the image. The value stored in the frame buffer for each pixel defines the colour or 
intensity of that pixel in the image. 

[0079] Coupled to the frame buffer 16 is a display unit 18 for displaying the image stored in the frame buffer 16 in a 
conventional manner. Also coupled to the frame buffer 16 is a video tape recorder (VTR) 20 or other image recording 
30 device, such as a paper printer or 35mm film recorder. 

[0080] A mass storage device, such as a hard disk drive, having a high data storage capacity, is coupled to the 
memory 6 (typically via the CPU 4), and also to the frame buffer 16. The mass storage device 22 can receive data 
processed by the central processing unit 4 from the memory 6 or data from the frame buffer 16 which is to be displayed 
on display unit 18. 

35 [0081] The CPU 4, memory 6, frame buffer 16, display unit 18 and the mass storage device 22 may form part of a 
commercially available complete system, for example a workstation such as the SparcStation available from Sun Mi- 
crosystems. 

[0082] Operating instructions for causing the computer 2 to perform as an embodiment of the invention can be sup- 
plied commercially in the form of programs stored on floppy disk 10 or another data storage medium, or can be trans- 
40 mitted as a signal to computer 2, for example over a datalink (not shown), so that the receiving computer 2 becomes 
reconfigured into an apparatus embodying the invention. 

[0083] Figure 2 illustrates the collection of image data for processing by the CPU 4. 

[0084] An object 24 is imaged using camera 12 from a plurality of different locations. By way of example, Figure 2 
illustrates the case where object 24 is imaged from five different, random locations labelled L1 to L5, with the arrows 
45 in Figure 2 illustrating the movement of the camera 12 between the different locations. 

[0085] Image data recorded at positions L1 to L5 is stored in camera 12 and subsequently downloaded into memory 
6 of computer 2 for processing by the CPU 4 in a manner which will now be described. In this embodiment, CPU 4 
does not receive information defining the locations at which the images were taken, either in absolute terms or relative 
to each other. 

so [0086] Figure 3 shows the top-level processing routines performed by CPU 4 to process the image data from camera 
12. 

[0087] At step S2, a routine for initial data input is performed, which will be described below with reference to Figures 
4 and 5. The aim of this routine is to store the image data received from camera 12 in a manner which facilitates 
subsequent processing, and to store information concerning parameters of the camera 12. 
55 [0088] At step S4, initial feature matching is performed to match features within the different images taken of the 
object 24 (that is : to identify points in the images which correspond to the same physical point on object 24). This 
process will be described below with reference to Figures 6 to 19. 

[0089] At step S6, the transformations between the different camera positions from which the images were taken 
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(LI to L5 in Figure 2), and hence the positions themselves in relative torm, are calculated using the points matched in 
the images, as will be described below wilh reference to Figures 20-38. 

[0090] At step SS, using the calculated camera transformations from step S6. further features are matched in the 
T 9 h? ( ! J? ° Ulated Camera ,ransforma,ions bein 9 used to calculate, that is -constrain", the position in an image in 
which to look for a point matching a given point in another image). This process will be described below with reference 
to Figures 39 and 40. 

[0091] At step S1 0, points in a three-dimensional modelling space representing actual points on the surface of object 
24 are generated, as will be described below with reference to Figures 41 to 48. 

[0092] In step S12, the points in three-dimensional space produced in step S10 are connected to generate three- 
dimensional surfaces, representing a three-dimensional model of object 24. This process will be described with refer- 

ence to Figure 49. 

[0093] In step S14, the 3D model produced in step S12 is processed to display an image of the object 24 from a 
desired viewing direction on display unit 18. This process will be described with reference to Figure 50 
[0094] Figure 4 shows the steps performed in the initial data input routine at step S2 in Figure 3. Referring to Figure 
4, at step S16, the CPU 4 waits until image data has been received within memory 6. As noted previously, this image 
data may be received from digital camera 12, via floppy disk 10, by digitisation of a photograph using a scanner (not 
shown), or by downloading image data from a database, for example via a datalink (not shown) etc 
[0095] After the data for all images has been received, CPU 4 re-stores the data for each image as a separate 
project Me in memory 6 at step S18. At step S20, CPU 4 reads the stored data from memory 6 and displays the 
images to the user on display unit 18. 

E??* F ' 9Ure 5 J'' UStrates ,he displa V of ,he ima 9 es to the user. CPU 4 initially displays the images in the order in 
which the image data was received. Referring again to Figure 2, images were taken from locations L1 , L2 L3 L4 then 
L5. Accordingly, the image data of the images taken at these locations is stored in the same sequence within camera 
12 and is receded by computer 2 in the same order when it is downloaded from camera 12. Therefore, as shown in 
higure 5, CPU 4 initially displays the images on display 18 in the same order, namely L1 L2 L3 L4 L5 

[!n?IL A Y h9 I 3 ""! "To 38 diSP,ayin9 th9 ima96S ' CPU 4 pramp,s the user ' for exam P |e ^ displaying a message 
no shown) on daplay 18, to rearrange the images into an order whfeh represents the positional sequence in which 

tTpT™ ""I 6 ' 6 amli H l*** 24 ' ra,h8r than ,he temp0ral sec ' uence in which the ima 9es ™ initially displayed 

r.oSn ^ ic7, enCe T P °f i,i0na ' SeqUBnCe may bS the S3me - H0Wever ' in ,he exam P ,e "Crated in Figure 
2 location L3 ,s be ween locations L1 and L2. The positional sequence of images around the object 24 is, therefore. 

hi!!; i 3 . I ■ Acc ° rd,n ^ at step S22 ' the user rearranges the images on display 18, for example by high- 

n^Sed bvT 96 ?■ '° Ca, LT 12 dfa99in9 11 ,0 3 P ° Sfti0n b6,Ween the ima 9 es f °' P° s »i<™ L3 and L4 1 
««« J V f0W ' n F ' 9Ure 5) ' t0 give the correct P° si,ional sequence for the images 

8 to L» Pr 2° W ?H 9 tHiS ' a ' f 6P t 2 , 4 ' CPU 4 Ca ' CUla,eS the distance between the cen,res <* »» "nafles on the display 
18 to determ ne the nearest neighbours) for each image. Thus, for example, referring to Figure 5, for the image takm 

luh '° n • ? PU 4 Ca ' CU J a,eS diStanCe b6,Ween * S Cen,re and the centre ° f eac " «i i-age. andSines 
2znl i ! 'T 6 " teken 31 P ° Srti0n La F ° r thS ima 9 e ,aken at L3, the CPU 4 calculates the 

IIZZT™ ?T 9aCh °' thS ima " S tek9n at pOSiti0ns L2 ' U and LS ^ Cp U already having deter- 
Tv CPU 4 delTZl ,r f ?° S,,i0n U J* 3 neareSt n6i9hbOUr ° n 006 SWe °' the ima 9 6 teken a < 0°^°" LS) h this 
™ L 1 h Z ™? h6 ' ma9e take " 31 POSi,l '° n 12 iS ,he nearest nei 9 hbour °< th * irnage taken at position L3 
mo!* 11 'I J,. CPU Perf ° rmS ,he Same r ° U,ine for * e ima 9 es ^ a < Positions L2, L4 and L5 
CPU 4 crtJlT!^' , 4 St0feS " nkS in mem0ry 6 10 id6ntify the P ° Si,ional sec ^ uence 0f ,he ima 9 es - For example. 

each td o, the Tnt T S ,n , mem °7 V" NnkS 38 S6para,e 6ntitieS - The da,a for each ,ink the image a 

each end of the link. Thus, referring to the example shown in Figures 2 and 5, CPU 4 creates four links one havino 

the .mages taken at positions L1 and L3 at its ends, one having the images taken at positions L3 and 5 a"rts ends 

one having images taken a, positions L2 and L4 at its ends, and one having images faken at pos'ons L4 and L5 ai 

LTLnlS f 2 f h 4 8 J° S, ° reS in ,he Pr0ieCt f,le f0r each ima9e (crea,ed at ste P S1 8 > a Pointer to each link 
SHse^d ,!nks ,ma96 ' eXamP,e ' Pf0ieCt fi ' e ^ ,ak6n 31 P ° Si,i0n L3 WNI have poinl - s 10 ^ 

!ec 0 ^d A CP^4Ss C »his i!7T 10 inPUt inf ° rma,i0n ab ° Ut ,he Camera With the ima 9 e da,a ™* 

a^d the sizeo^ 1? 71 byd,Sp,ayin 9 a messa 9 e '^^g the user to input the focal length of the camera lens 

Ta a 2 o slni^ T 9m9 Char9e „ C0Up,ed device < CCD ) °' ^ within the camera. CPU 4 also displays on display 
18 a l,st of standard cameras, for which this information is pre-stored in memory 6, and from which the user can select 

SiST The o l\ 2 ^ nf m 35 ' 3nd , at St6P S32 ' CPU 4 S, ° res ,he input camera da,a in memor y 6 «or future use 
RgTes 6 to sS 9 ' ma9e 6 by CPU 4 Wi " now be described with re,a ^nce to 
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[0103] Figure 6 shows, at a top level, the relationship between the routines of initial feature matching, calculating 
camera transformations and constrained feature matching performed by CPU 4 at steps S4, S6, SB in Figure 3. For 
the purpose of these routines, CPU 4 considers images in groups of three in the order in which they occur in the 
positional sequence created at step S22 (Figure 4), each group being referred to as a "triple" of images. Thus, in the 
5 case where data for five images has been stored in memory 6 (as in the example of Figures 2 and 5), CPU 4 considers 
three triples of images (images 1-2-3, images 2-3-4, and images 3-4-5 in the positional sequence). Within each triple 
of images, there are two "pairs" of images, namely the first and second images within the triple and the second and 
third images within the triple. 

[0104] Referring to Figure 6, at step S40, the next triple of images is considered for processing (this being the first 
10 triple, that is images 1 -2-3 in the positional sequence, the first time step S40 is performed). At step S42, initial feature 
matching is performed for the three images under consideration to match points across pairs of images in the triple or 
across all three images, and at step S44 the camera transformations between the positions at which the three images 
were taken are calculated using the points matched in step S42. The calculated camera transformations define the 
translation and rotatbn of the camera between images in the positional sequence, as will be described in greater detail 
is below. 

[0105] At step S46, CPU 4 determines whether the camera transformations calculated at step S44 are sufficiently 
accurate. If it is determined that the transformations are sufficiently accurate : then, at step S48, further features are 
matched in the three images using the calculated camera transformations. The feature matching performed by CPU 
4 at step S48 is termed "constrained" feature matching since the camera transformations calculated at step S44 are 

20 used to "constrain" the area within an image of the triple which is searched to identify a point which may match a given 
point in another image of the triple. If it is determined at step S46 that the calculated camera transformations are not 
sufficiently accurate, then steps S42 to S46 are repeated until sufficiently accurate camera transformations are ob- 
tained. However, as will be described below, when CPU 4 re-performs initial feature matching for the three images at 
step S42 for the first time after it has been determined at step S46 that the calculated camera transformations are not 

25 sufficiently accurate, it performs it using a second technique, which is different to the first technique used when step 
S42 is performed for the very first time. Further, in any subsequent re-performance of step S42, CPU 4 performs initial 
feature matching using the second technique, but with a different number of matched points in the images as input 
(the number increasing each time step S42 is repeated). 

[0106] At step S50, CPU 4 determines whether there is another image which has not yet been considered in the 
30 positional sequence of images, and, if there is, steps S40 to S50 are repeated to consider the next triple of images. 
These steps are repeated until all images have been processed in the way described above. 
[0107] Figure 7 shows in greater detail the relationship between the routines of initial feature matching, calculating 
camera transformations and constrained feature matching. 

[0108] Referring to Figure 7, at step S52, CPU 4 performs initial feature matching using a first technique for the first 

35 pair of images in a triple of images, as will be described below. This first initial feature matching technique is automatic, 
in the sense that no input from the user is required. At step S54, CPU 4 performs initial feature matching using the 
first, automatic technique for the second pair of images in the triple. At step S56, CPU 4 calculates the camera trans- 
formations between the images in the triple. At step S58, CPU 4 determines whether the camera transformations 
calculated at step S56 are sufficiently accurate. If they are, constrained feature matching is performed at step S74 to 

40 match further points in the images of the triple. 

[01 09] On the other hand, if is determined at step S58 that the calculated camera transformations are not sufficiently 
accurate, then CPU 4 performs initial feature matching for the triple of images using a different technique at steps S60 
to S68. In this embodiment, an "affine" technique (which assumes that the object 24 in the images does not exhibit 
significant perspective properties over small regions of the image) is used, as wili be described below 

45 [01 1 0] At step S60, the user is asked to identify matching points (that is, points which correspond to the same physical 
point on object 24) in the first pair of images of the triple and the second pair of images in the triple. This is done by 
displaying to the user on display unit 18 the three images in the triple. The user can then move a displayed cursor 
using input means 14 to identify a point in the first image and a corresponding, matched point (representing the same 
physical point on object 24) in the second image. This process is repeated until ten pairs of points have been matched 

so in the first and second images. The user then repeats the process to identify ten pairs of matched points in the second 
and third images. It may be difficult for the user to precisely locate the displayed cursor at a desired point (which may 
occupy only one pixel) when selecting points. 

[0111] Accordingly, if any point identified by the user is within two pixels of a point previously identified in that image 
by the CPU in step S52 or S54 or, if performed previously, in step S62, S64 or S74, then CPU 4 determines that the 
ss user intended to identify a point which it had automatically identified previously, and consequently stores the co-ordi- 
nates of this point rather than the point actually identified by the user on display 1 8. 

[01 1 2] At step S62, CPU 4 matches points in the first pair of images in the triple using the affine matching technique, 
and at step S64, it matches points in the second pair of images in the triple using this technique. As will be described 
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below, in affine feature matching, CPU 4 uses the points matched by the user at step S60 to determine the relationship 
between the images in each pair of images, that is the mathematical transformation necessary to transform points from 
one image to the other, and uses this to identify further matching points in the images. 

[0113] At step S66, CPU 4 uses all of the points which have now been matched to determine again the camera 
transformations between the positions at which the three images in the triple were taken, and at step S68 determines 
whether the calculated transformations are sufficiently accurate. If it is determined that the transformations are suffi- 
ciently accurate, then CPU 4 performs constrained feature matching for the three images at step S74. On the other 
hand, if it is determined that the transformations are not sufficiently accurate, CPU 4 requests the user at step S70 to 
match more points across each pair of images in the triple (that is, to identify in each image of a pair the image points 
which correspond to the same physical point on object 24). In this embodiment, the user is asked to identify ten pairs 
of further matching points in the first pair of images in the triple of images and ten pairs of further matching points in 
the second pair of images in the triple. At step S72, the user identifies matching points in the same way as previously 
described for step S60. Again, if a user-identified point lies within two pixels of a point previously identified by CPU 4 
(either in steps S52 or S54, or in steps S62 or S64, or in step S74) then it is determined that the user intended to 
identify that point, and the co-ordinates of the CPU-identified point are stored rather than the user-identified point. 
[0114] , Steps S62 to S72 are repeated until it is determined at step S68 that sufficiently accurate camera transfor- 
mations between the images in the triple have been calculated. That is, the second feature matching technique (in this 
embodiment, an "affine" technique) is repeated using a different number of user-identified matching points as input 
each time, until sufficient matches are made to allow sufficiently accurate camera transformations to be calculated. 
Constrained feature matching for the three images in the triple is then performed at step S74. 
[0115] At step S76, CPU 4 determines whether there is another image in the positional sequence to be processed. 
If there is, steps S54 to S76 are repeated until all images have been processed. It will be seen from Figure 7, that step 
S52 is not performed when subsequent images are considered. Referring to the example illustrated in Figure 2 and 
Figure 5, there are five images of object 24 to be processed by CPU 4. Points in images 1 and 2 of the positional 
sequence are matched at step S52 (and step S62 if the second feature matching technique is used). Points in images 
2 and 3 are matched at step S54 (and step S64 if the second feature matching technique is used). As explained 
previously, images are considered in triples. Accordingly, when image 4 is considered for the first time, it is considered 
in the triple comprising images 2, 3 and 4. However, points in images 2 and 3 will have been matched previously by 
CPU 4 at step S54 (and step S64). Step S52 is therefore omitted, and processing begins at step S54 in which automatic 
feature matching of points in the second pair of images in the triple (that is, images 3 and 4) is performed. If the 
automatic technique fails to generate sufficiently accurate camera transformations at steps S56 and S58, then the 
affine technique is performed for both the first pair of images and the second pair of images in the triple. That is, initial 
feature matching is re-performed for the first pair of images since the user will identify further matching points in these 
images at step S60. 

[0116] In this embodiment, constrained feature matching is performed for a given triple of images before the next 
image in the sequence is considered and initial feature matching is performed on it. As described previously, the step 
of constrained feature matching produces further matching points in the triple of images being considered. In fact, as 
wiil be described below, points are identified in the final image of the triple which match points which have been pre- 
viously matched in the first pair of images (thus giving points which are matched in all three images). The present 
embodiment provides the advantage that these newly matched points in the final image of the triple are used when 
performing initial feature matching on the next image in the triple. For example, when the first three images of the 
sequence shown in Figure 5 are processed, the step of constrained feature matching at step S74 identifies points in 
image 3 which match points in images 1 and 2. When CPU 4 considers image 4 and performs initial feature matching 
at step S54 (and step S64) the new points generated at step S74 are considered and processing is performed to 
determine whether a matching point exists in image 4. If a matching point is identified in image 4, the new points 
matched by constrained feature matching at step S74 and the new point identified in image 4 by initial feature matching 
from a triple of points and are taken into consideration when calculating the camera transformations at step S56 or 
S66. Thus, the step of constrained feature matching at step S74 may generate points which are used when calculating 
the camera transformations for the next triple of images (that is, if the initial feature matching at step S54 or S64 for 
the second pair of images in the next triple matches at least one of the points matched across the first pair of images 
in constrained feature matching into the third image of the new triple). This will be described in greater detail later. 
[0117] Thus, the procedure shown in Figure 7 generates a flow of new matched points determined using the calcu- 
lated camera transformations for input to subsequent initial feature matching operations, and possibly also to subse- 
quent calculating camera transformation operations. 

[01 18] The operations performed by CPU 4 for automatic initial feature matching at steps S52 and S54 in Fiqure 7 
will now be described. 

[0119] Figure 8 shows the operations performed by CPU 4 at step S52 when performing automatic initial feature 
matching for the first pair of images in the triple. 
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[0120] At step S80, a value is calculated (or each pixel in the first image of the triple indicating the amount of 'edge 0 
and "corner' for that pixel. This is done, for example, by applying a conventional pixel mask to the first image, and 
moving this so that each pixel is considered. Such a technique is described in "Computer and Robot Vision Volume 
1", by R.M. Haralickand LG. Shapiro, Section 8, Addison-Wesley Publishing Company, 1992, ISBN 0-201-10877-1 
5 (V.l). At step S82, any pixel which has "edge" and "corner" values exceeding predetermined thresholds is identified 
as a strong corner in the first image, in a conventional manner. At step S84, CPU 4 performs the operation previously 
carried out at step S80 for the first image for the second image, and likewise identifies strong corners in the second 
image at step SB6 using the same technique previously performed at step S82. 

[0121] At step S88, CPU 4 compares each strong corner identified in the first image at step S82 with every strong 

io corner identified in the second image at step S86 which lies within a given area centred on the pixel in the second 
image which has the same pixel coordinates as the corner point under consideration in the first image to produce a 
similarity measure for the corners in the first and second images. In this embodiment, the size of the area considered 
in the second image is ±10 pixels of the centre pixel in the y-direction and ±200 pixels of the centre pixel in the x- 
direction. The use of such a "window" area to restrict the search area in the second image ensures that similar points 

is which lie on different parts of object 24 are not identified as matches. The window in this embodiment is set to have a 
small "y" value (height) and a relatively large "x" value (width) since it has been found that the images of object 24 are 
often recorded by a user with camera 12 at approximately the same vertical height (so that a point on the surface of 
object 24 is not displaced significantly in the vertical (y) direction in the images) but displaced around object 24 in a 
horizontal direction. In this embodiment, the comparison of points is carried out using an adaptive least squares cor- 

20 relation technique, for example as described in "Adaptive Least Squares Correlation: A Powerful Image Matching 
Technique" by A.W. Gruen in Photogrammetry Remote Sensing and Cartography 1985 pages 175-187. 
[0122] At step S90, CPU 4 identifies and stores matching points. This is performed using a "relaxation" technique, 
as will now be described. Step S88 produces a similarity measure between each strong corner in the first image and 
a plurality of strong corners in the second image (that is, those lying within the window in the second image described , p 

25 above). At step S90, CPU 4 effectively arranges these values in a table array, for example listing all of the strong 
corners in the first image in a column, all of the strong corners in the second image in a row, and the similarity measure 
for each given pair of corners at the appropriate intersection in the table. In this way, rows of the table array define the 
similarity measure between a given corner point in the first image and each corner point in the second image (the 
similarity measure may be zero if the corner in the first image was not compared with the corner in the second image 

30 at step S88). Similarly, the columns in the array define the similarity measure between a given corner point in the 
second image and each corner point in the first image (again, some values may be zero if the points were not compared 
at step S88). CPU 4 then considers the first row of values, selects the highest similarity measure value in the row, and 
determines whether this value is also the highest value in the column in which the value lies. If the value is the highest 
in the row and column, this indicates that the corner point in the second image is the best matching point for the point 

35 in the first image and vice versa. In this case, CPU 4 sets all of the values in the row and the column to zero (so that - 
these values are not considered in further processing), and determines whether the highest similarity measure is above 
a predetermined threshold (in this embodiment, 0.1). If the similarity measure is above the threshold, CPU 4 stores 
the point in the first image and the corresponding point in the second image as matched points. If the similarity measure 
is not above the predetermined threshold, then it is determined that, even though the points are the best matching 

40 points for each other, the degree of similarity is not sufficient to store the points as matching points. 

[01 23] CPU 4 then repeats this processing for each row of the table array, until all of the rows have been considered. 
If it is determined that the highest similarity measure in a row is not also the highest tor the column in which it lies, CPU 
4 moves on to consider the next row. Thus, it is possible that no pairs of matching points are identified in step S90. 
[01 24] CPU 4 reconsiders each row in the table array to repeat the processing above if matching points were identified 
the previous time all the rows were considered. CPU 4 continues to perform such iterations until no matching points 
are identified in an iteration. 

[0125] Figure 9 shows the steps performed by CPU 4 at step S54 in Figure 7 when performing automatic initial 
feature matching for the second pair of images in a triple. In this case, points in the first image of the pair have already 
been identified: strong corners in steps S84 and S86 of Figure 8 when the previous pair of images was considered; 
50 and other feature points from automatic initial feature matching (step S54) : affine initial feature matching (steps S60, 
S64 and S72) and constrained feature matching (step S74) if these steps have been performed for the previous triple 
of images. Accordingly, CPU 4 needs only to identify strong corners in the second image of the pair (the third image 
of the triple under consideration). 

[0126] Referring to Figure 9, at step S92, CPU 4 applies a pixel mask to the third image of the triple and calculates 
55 a value for each pixel in the third image indicating the amount of edge and corner for that pixel. This is performed in 
the same way as the operation in step S80 described previously. In step S94, CPU 4 identifies and stores strong comers 
in the third image. This is performed in the same way as step S82 described previously. At step S96, CPU 4 considers 
the strong points previously identified and stored at step S86, S54, S60, S64, S72 and S74 for the second image in 
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the triple and the strong corners identified and stored at step S94 for the third image in the triple, and calculates a 
similarity measure between pairs of points. This is carried out in the same way as step S88 described previously (again 
using a "window 0 to restrict the points in the third image which are compared against each point in the second image). 
At step S98, matching points in the second and third images of the triple are identified and stored. This is carried out 
in the same way as step S90 described previously. 

[01 27] It has been found that the feature matching technique performed by CPU 4 at steps S52 and S54 (described 
above) may not accurately generate matched points if the object 24 contains a plurality of feature points which look 
similar, that is, if a number of points having the same visual characteristics are distributed over the surface of object 
24. This is because, in this situation, points may have been matched in images which, although they have the same 
visual characteristics, do not actually represent the same physical point on the surface of object 24. To take account 
of this, in this embodiment, a second initial feature matching technique is performed by CPU 4 which divides an image 
into small regions using a small number of points which are known to be accurately matched across images, and then 
tries to match points in corresponding small regions within each image. This second technique assumes that the small 
regions created are flat (rather than exhibiting perspective qualities), so that an "affine 0 transformation between the 
corresponding regions in images can be calculated. The second technique is therefore referred to as an "affine 0 initial 
feature matching technique. 

[0128] Figures 10a and 10b illustrate the difference between an object exhibiting perspective properties (Figure 10a) 
and an object exhibiting affine properties (Figure 10b). (The other type of image that could be input to memory 6 for 
processing by CPU 4 is an image of a flat object. 

[0129] In this case, it is not possible to generate a three-dimensional model of the object since all the points on the 
object lie in a common, fiat plane.) 

[0130] The way in which CPU 4 performs affine initial feature matching for the first pair of images in the triple at step 
S62 and for the second pair of images in the triple at step S64 in Figure 7 will now be described. 
[0131] Figure 11 shows, at a top level, the operations performed by CPU 4 when carrying out affine initial feature 
matching across a pair of images in a triple at step S62 or S64 in Figure 7. 

[0132] Referring to Figure 11, at step S100, CPU 4 considers the points in each image of a pair which have been 
matched with points in the other image by the user at step S60 or S72, and processes the image data to determine 
whether an edge exists between these points in the images. These user-identified points are used since they accurately 
identify matching points in the images (points calculated by CPU 4, e.g. at step S52, S54, S62 t S64 or S74 may not 
be accurate, and are therefore not used in step S100 in this embodiment). 

[0133] Figure 12 shows the way in which step S100 is performed by CPU 4. Referring to Figure 12, at step S106, 
CPU 4 calculates the non-binary strength of any edge lying between the identified points in the first image of the pair 
(that is, points which were previously identified by the user as corresponding to points in the second image of the pair), 
and at step S108, CPU 4 performs the same calculation for the identified points in the second image of the pair (that 
is, points which were previously identified by the user as corresponding to points in the first image of the pair). 
[0134] Figures 1 3 and 14 show the way in which edge strengths are determined by CPU 4 at steps S106 and S108 
in Figure 12. Referring to Figure 13, CPU 4 considers the image data in area "A" lying between two user-identified 
points 30, 32 in an image. The area A comprises pixels lying within a set number of pixels (in this embodiment, two 
pixels) on either side of the pixel through which a straight line connecting points 30 and 32 passes, and within end 
boundaries which are placed at a distance "a", in this embodiment corresponding to two pixels, from the points 30, 32 
as shown in Figure 13. The pixels above and below the line are considered because user-identified points (e.g. points 
30, 32) may not have been positioned accurately by the user during identification on the display, and therefore the 
edge (if any) may not run exactly between the points. If points 30, 32 are positioned within the image such that a line 
therebetween is more vertical than horizontal, then two pixels either side of the pixel through which the line passes 
are considered, rather than two pixels above and below the line. The end boundaries are set because it has been 
found that points in an image matched by a user at step S60 or step S72 in Figure 7 with points in another image tend 
to be points which lie at the end of edges (that is, corners). Pixels close to these points distort the orientation calculations 
which are used to identify edges if the points do indeed lie at the end of edges. This is because the edges become 
curved near points 30, 32, giving the individual pixels different orientation values to those in the centre region between 
the points. For this reason, pixels within two pixels of the points 30, 32 are omitted from the calculation of strenqth/ 
orientation. 

[0135] Referring to Figure 14, at step S114, CPU 4 smooths the image data in a conventional manner, for example 
as described in chapter4 of "Scale-Space Theory in Computer vision" by Tony Lindeberg, Kluwer Academic Publishers, 
ISBN 0-7923-941 8-6. A smoothing parameter of 1 .0 pixels is used in this embodiment (this being the standard deviation 
of the mask operator used in the smoothing process). 

[0136] At step S1 15, CPU 4 calculates edge magnitude and direction values for each pixel in the image. This is done 
by applying a pixel mask in a conventional manner, for example as described in "Computer and Robot Vision" by 
Harahck and Shapiro, Addison Wesley Publishing Company, Page 337-346, ISBN 0-201-10877-1 (V.1) In this embod- 
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iment, at step S114 the data for the entire image is smoothed and at step S115 edge magnitude and direction values 
are calculated for every pixel. However, it is possible to select only relevant areas of the image for processing in each 
of these steps instead. 

[01 37] At step S 1 1 6, CPU 4 considers the pixels lying within area A between each pair of user-identified points, and 

5 calculates the magnitude of any edge line between those points. Referring again to Figure 13, CPU 4 starts by con- 
sidering the first column of pixels in the area A, for example the column of pixels which are left-most in the image. 
Within this column, it first considers the top pixel, and compares the edge magnitude and edge direction values calcu- 
lated at step S115 for this pixel against thresholds. In this embodiment the magnitude threshold is set at a very low 
setting of 0.01 smooth grey levels per pixel. This is because edges often become "weakened' in an image, for example 

10 by the lighting, which can produce shadows etc. across the edge. Accordingly, by using a small magnitude threshold, 
it is assured that all pixels having any reasonable value of edge magnitude are considered. The direction threshold is 
set so as to impose a relatively strict requirement for the direction value of the pixel to lie within a small angular deviation 
(in this embodiment 0.5 radians) of the direction of the straight line connecting points 30 and 32. This is because 
direction has been found to be a much more accurate way of determining whether the pixel actually represents an 

is edge than the pixel magnitude value. 

[01 38] If the top pixel in a column of pixels has values above the magnitude threshold and below the direction thresh- 
old, then a ■vote" is registered for that column, indicating that part of an edge between the points 30, 32 exists in that 
column of pixels. If the values of the top pixel do not meet this criteria, then the same tests are applied to the remaining 
pixels in the column, moving down the column. Once a pixel is found satisfying the threshold criteria, a "vote 0 is reg- 

20 istered for the column and the next column of pixels is considered. On the other hand, if no pixel within the column is 
found which satisfies the threshold criteria, then no Vote" is registered for the column. When all of the columns of 
pixels have been processed in this manner, CPU 4 determines the percentage of columns which have registered a 
"vote", this representing the strength of the edge, and stores this percentage. 

[0139] Referring again to Figure 12, after performing steps S106 and S108, CPU 4 has calculated and stored a 

25 strength for each edge in each image of the pair. 

[0140] At step S110, CPU 4 calculates the combined strength of corresponding edges in the first image of the pair 
and the second image of the pair. This is done, for example, by reading the stored percentage edge strength calculated 
at step S106 for an edge in the first image and the value calculated in step S108 for the corresponding edge in the 
second image and calculating the geometric mean of the percentages (that is, the square root of the product of the 

30 percentages). If the resulting, combined strength value is less than 90%, CPU 4 determines that the edges are not 
sufficiently strong to consider further, and discards them. If the combined strength value is 90% or greater, CPU 4 
stores the value and identifies the edges in both images as strong edges for future use. 

[0141] By performing step S110, CPU 4 effectively considers the strength of an edge in both images of a pair to 
determine whether an edge actually exists between given points. In this way, an edge may still be identified even if it 
35 has become distorted (for example, broken) somewhat in one of the images since the strength of the edge in the other 
image will compensate. 

[0142] At step S1 12, CPU 4 considers the strong edges in the first image of the pair, that is the edges which remain 
after the weak ones have been removed at step S1 1 0, and processes the image data to remove any crossovers between 
the edges. 

40 [01 43] Figure 1 5 shows the operations performed by CPU 4 in determining whether any crossovers occur between 
the edges and removing them. Referring to Figure 15, at step S120, CPU 4 produces a list of the edges in the first 
image of the pair arranged in combined strength order, with the edge having the highest combined strength at the top 
of the list. Since the strength of the edges is calculated and stored as floating point numbers, it is unlikely that two 
edges will have the same combined strength. At step S122, CPU 4 considers the next pair of edges in the list (this 

45 being the first pair the first time the step is performed), and at step S1 24, CPU 4 compares the coordinates of the points 
at the ends of each edge to determine whether both end points of the first edge lie on the same side of the second 
edge. If it is determined that they do, CPU 4 determines at step S126 that the edges have a relationship corresponding 
to the case shown in Figure 16a and that therefore they do not cross. On the other hand, if it is determined at step 
S124 that both end points of the first edge do not lie on the same side of the second edge, then the edges have a 

so relationship corresponding to either that shown in Figure 16b or that shown in Figure 16c. To determine which, at step 
S128, CPU 4 again considers the coordinates of the points to determine whether both end points of the second edge 
lie on the same side of the first edge. If they do, CPU 4 determines at step S126 that the edges do not cross, the edges 
corresponding to the case shown in Figure 16b. If it is determined that both end points of the second edge do not lie 
on the same side of the first edge at step S128, then CPU 4 determines that the edges cross, as shown in Figure 16c, 

55 and at step S130 deletes the second edge of the pair, this being the edge with the lower combined strength. This is 
done by setting the combined strength of the edge to zero, thereby effectively deleting the edge from both the first and 
second images. At step S132, CPU 4 determines whether there is another edge in the list which has not yet been 
compared. Steps S122 to S132 are repeated until all edges have been considered in the manner just described. That 
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is, steps 122 to 1 32 are repeated to compare the edge with the highest combined strength with each edge lower in the 
list (proceeding down the list), and then to compare the next highest edge remaining in the list with each remaining 
lower edge (proceeding down the list) and to continue to compare edges in this decreasing strength order until all 
comparisons have been made (i.e. the next highest edge is the last in the list). 

[01 44] By arranging the edges in combined strength order at step S1 20, so that the edges are compared in this order, 
it is ensured that the greatest number of edges with the highest combined strength are retained for further processing 
For example, if the edges are considered in a different order, the edge with the third highest strength could, for example 
be deleted since it crosses the edge with the second highest strength, but the edge with the second highest combined 
strength could itself subsequently be deleted when it is found to cross the edge with the highest combined strength 
This does not occur with the processing in the present embodiment. 

[0145] Referring again to Figure 11, after performing step S100, computer 2 has stored therein a set of edges for 
each image in the pair which have a strength above the set threshold and which do not cross each other. At step S1 02, 
CPU 4 connects the user-identified points in the images to create triangles. 

[0146] Figure 17 shows the operations performed by CPU 4 at step S102 in Figure 11. Referring to Figure 17, at 
step S140, CPU 4 firstly connects the user-identified points in the first image of the pair which are connected by strong 
edges remaining after process S100 (Figure 11) has been performed. At step S142, CPU 4 completes any triangle 
which already has two strong edges by joining the appropriate points to create the third side of the triangle. Step S142 
provides the advantage that if two strong edges meet, the other ends of the edges are interconnected to form a single 
triangle having the strong edges as sides. This produces more triangles lying on physical surfaces of object 24 than if 
the points are interconnected in other ways. This is because edges in the images of object 24 usually correspond to 
features on a surface or the edge of a surface. 

[01 47] It will be seen that, in steps S140 and S 1 42, the side of a triangle is formed from a complete edge if the edge 
has a strength above the threshold (that is, it is a strong edge). This provides the advantage that the edge is not divided 
so that triangles with sides running the full length of the edge are created. 

[0148] At step S144, CPU 4 considers the co-ordinates of the user-identified points in the first image of the pair and 
calculates the length of a straight edge connecting any points not already connected in steps S140 and S142 These 
connections are then sorted in terms of length. At step S146, CPU 4 considers the co-ordinates of the pair of points 
with the next shortest connecting length (this being the pair of points with the shortest connecting length the first time 
the step is performed), and connects the points to create an edge if the new edge does not overlap any existing edge 
(if it does, the points are not connected). At step si 48, CPU 4 determines whether there is another pair of points in 
the list created at step S144 which has not been considered, and if there is, step S146 is repeated Steps S146 and 
S1 48 are repeated until all pairs of user-identified points have been considered. At step S1 50, CPU 4 stores in memory 
6 a list of the vertices of triangles defined by the connecting edges. 

[ ? 149 i * eferrin9 again t0 Fi 9 ure 11 ' at ste P S104 ' cp U 4 uses the triangles defined from user-identified points in 
step S102 to calculate further corresponding points in a pair of images. 

[0150] Figure 1 8 shows the operations performed by CPU 4 in step S1 04. Referring to Figure 1 8 atstepS160 CPU 
4 reads the co-ordinates of the triangle vertices stored at step S150 (Figure 17) and calculates the transformation for 
each triangle between the images in the pair. This is done by considering the vertices of a triangle in the first image 
and the vertices of the corresponding triangle in the second image (that is the points in the second image previously 
matched to the vertex points in the first image). It is assumed that the small part of the image within the given triangle 
is flat, and therefore unaffected by perspective. Accordingly, each point within a triangle in one image is related to the 
corresponding point in the other image by a mathematical, affine transformation, as follows- 



where (x,y, 1 ) are the homogeneous co-ordinates of the point in the first image of the pair, (x',y\ 1 ) are the homogeneous 
co-ordinates of the point in the second image of the pair, and A, B, C, D, E and F are unknown variables defining the 
transformation. s 

[01 51] To calculate the variables A to F, CPU 4 assumes that the mathematical transformation is the same for each 
vertex of a triangle (because the area of each triangle is sufficiently small that the portion of the surface of the object 
represented in the image within a triangle can be assumed to be flat), so that the following equation can be set up 
using the three known vertices of the triangle in the first image and the three known corresponding points in the second 

image. 
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where (x,y,1) are the homogeneous co-ordinates of a triangle vertex in the first image, the co-ordinate numbers indi- 
is eating with which vertex the co-ordinates are associated, and (x\y',1 ) are the homogeneous co-ordinates of the point 
in the second image which is matched with the triangle vertex in the first image (again, the co-ordinate numbers indi- 
cating with which vertex the point is matched). This equation is solved in a conventional manner to calculate values 
for A to F and hence define the transformation tor each triangle. 

[0152] At step S162, CPU 4 divides the first image into a series of grid squares of size 25 pixels by 25 pixels, and 
20 sets a flag for each square to indicate that the square is "empty*. Figure 1 9 illustrates an image divided into grid squares. 
At step S1 64, CPU 4 determines whether there are any points in the first image of the pair under consideration which 
have been matched with a point in the preceding image in the sequence but which have not been matched with a point 
in the second image of the pair. When the first image of the pair under consideration is the very first image in the 
sequence (the image taken at position L1 in the example of Figure 2) then there are no such points since there is no 
25 preceding image in the sequence. When the second image in the sequence (the image taken at position L3 in the 
example of Figure 2) is the first image in the pair under consideration, it will be seen from Figure 7 that points may 
have been matched with the preceding image (the first image in the sequence) by automatic initial feature matching 
at step S52, by user matching at step S60 or step S72 or by affine initial feature matching at step S62. When the first 
image of the pair under consideration is the third or a subsequent image in the sequence (one of the images taken at 
30 positions L2, L4 or L5), points may have been matched with the preceding image by automatic initial feature matching 
at step S54, by user matching at step S60 or step S72, by affine initial feature matching at step S62 or step S64, or 
additionally by constrained feature matching at step S74, as described previously and as described in greater detail 
later. 

[0153] Referring again to Figure 18, if CPU 4 determines at step S1 64 that such points exist, at step S1 66 it considers 

35 one of the points, referred to as a "previously matched" point, and at step S168 determines whether this point lies 
within a triangle created at step S102 in Figure 11 in the first image of the pair. If the point does not lie within a triangle, 
the processing proceeds to step S178 where CPU 4 determines whether there is another previously matched point in 
the first image of the pair. Steps S166, S16B and S176 are repeated until a previously matched point lying within a 
triangle in the first image of the pair is identified, or until all such previously matched points have been considered. 

40 When it is determined at step S168 that the previously matched point being considered does lie within a triangle in the 
first image of the pair, at step S170, CPU 4 tries to find a corresponding point in the second image of the pair. This is 
done by applying the affine transformation for the triangle in which the point lies (previously calculated at step S160) 
to the co-ordinates of the point to identify a point in the second image, and then applying an adaptive least squares 
correlation routine, such as the one described in the paper "Adaptive Least Squares Correlation: A Powerful Image 

45 Matching Technique" by A.W. Gruen, Photogrammetry Remote Sensing and Cartography, 1985, pages 175-187, to 
consider the identified point in the second image and points in a small area around it to determine whether any point 
has the same image characteristics as the previously matched point in the first image of the pair. This produces a 
similarity measure for a point in the second image. At step S172, CPU 4 determines whether a corresponding point in 
the second image of the pair has been found by comparing the similarity measure with a threshold (in this embodiment, 

so 0.4). If the similarity measure is greater than the threshold, it is determined that the point in the second image having 
this similarity measure corresponds to the previously matched point in the first image and at step S1 74, CPU 4 changes 
the flag for the grid square in which the point in the first image lies to indicate that the grid square is "full". At step S1 76, 
CPU 4 stores data identifying the points as matched. 

[0154] At step S178, CPU 4 considers whether there is another previously matched point in the first image of the 
55 pair not yet considered, and if there is, steps S166 to S178 are repeated until all previously matched points in the first 
image of the pair have been processed in the manner just described. 

[0155] When all of the previously matched points in the first image of the pair have been processed, or if it is deter- 
mined at step S164 that there are no previously matched points, then at step S180, CPU 4 considers the next empty 
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grid square in the first image of the pair, and at step S182 determines whether part of a triangle (defined at step S102 
in Figure 1 1 ) lies within the square. If no part of a triangle lies within the square, for example as is the case with squares 
34, 36, 38 in F.gure 19, then processing proceeds to step S192 where CPU 4 determines whether there is another 
empty grid square in the first image which has not yet been considered. Steps S180, S182 and S192 are repeated 
until a grid square is identified which contains part of a triangle (for example square 40 in Figure 1 9) Processing then 
proceeds to step si 84 in which CPU 4 identifies the point lying in both the triangle and the grid square which has the 
best matching characteristics. In this embodiment this selection is performed using a technique such as that described 
in "Scale-Space Theory in Computer Vision" by Tony Lindeberg, Kluwer Academic Publishers, ISBN 0-7923-9418-6 
page 158-160, Junction (corner) Detection, to identify the point with the strongest corner values 
[0156] At step S185. CPU 4 compares the value of the "best" point with a threshold (in this embodiment the corner 
value is compared with a threshold of 1 .0). If the value is below the threshold. CPU 4 determines that the matching 
character.st.cs of the best point are not sufficiently high to justify processing to try to match the point with a point in the 
other image, and processing proceeds to step S192. 

[0157] On the other hand, if the value is equal to, or above, the threshold (indicating that the point is suitable for 
matching), at step S186, CPU 4 applies the affine transformation for the triangle in which the point lies (previousV 
calculated at step si 60) to the co-ordinates of the point selected at step S184 to identify a point in the second image 
and carries out an adaptive least squares correlation routine, such as that described in the paper "Adaptive Least 
Squares Correlation: A Powerful Image Matching Technique" by A.W. Gruen, Programmetry Remote Sensing and 
Cartography, 1985, pages 175-187, to consider pixels within a surrounding area of the identified point in the second 
image and to produce a value indicating the degree of similarity between the point in the first image and the best 
matching point in the area in the second image. At step S188, CPU 4 determines whether a matching point has been 
found in the second image of the pair by comparing the similarity measure with a threshold. If the similarity measure 
is greater than the threshold, CPU 4 determines that the point identified in the second image matches the point in the 
first image, and at step S190 stores the match. If the similarity measure is below the threshold, CPU 4 determines that 
no matching point has been found in the second image. 

[0158] At step S1 92, CPU 4 determines whether there is another empty grid square in the first image which has not 
yet been considered. Steps S180 to S192 are repeated until all empty grid squares have been considered in the way 
described above. 1 

[0159] The use of grid squares as described above to identify points in the first image of the pair for matching with 
points in the second image of the pair provides the advantage that the points in the first image considered for matching 
are spread over a wide area with a degree of uniformity in their spacing (rather than being bunched together in a small 
area of the image). The number and density of points in the first image of the pair to be considered for matching can 
be changed by changing the size of the squares in the grid. If the squares are made smaller, then a larger number of 
points, which are more closely spaced will be considered, while if the grid squares are made larger, a smaller number 
of more widely spaced points will be considered. 

f °!foL Jh t ^ in WhiCh CPU 4 calculates ,he camera transformations between three images in a triple at steps S56 
and S66 in Figure 7 will now be described with reference to Figures 20 to 38 

a, 1 !, 11 T°T- af 3 t0P l9Vel ' th9 op9ra,ions Performed by CPU 4 in calculating the camera transformations. 

At step ,8200. CPU 4 determines whether the images in the triple, for which the camera transformations are to be 
calculated are the first three images in the positional sequence. Referring again to Figure 7, when the first three images 
in the positional sequence (that is, the images taken at positions L1 , L3 and L2 in the example of Figure 2) are processed 
he camera transformations for the first pair of images in the triple have not been calculated previously. However when 
he next ,mage in the sequence is considered, the triple of images being processed comprises the second third and 
fourth images m the sequence. In this case, the camera transformations between the second and third images in the 
sequence have previously been calculated when these images where processed in connection with the previous triple 
o images (the first, second and third images in the sequence). Similarly, when subsequent images of the sequence 

ronnTJ , h ' 1 Camera ,ransforma,ions for the first pair of images will also have been calculated previously in 
connection with the previous triple of images. ' 

[01 62] When the camera transformations for the first pair of images in the triple have been calculated previously the 
processing performed by CPU 4 is simplified by using the previously calculated transformations. Accordingly CPU 4 
performs a different calculation routine depending upon whether the camera transformations for the first pair of images 
noHr P h P u e T S,y Ca ' CUlated: 3 firSt r ° Utine is performed in step S202 whe " th * triple of images being 

S2olt l?T! SeS ! St ,hree ' ma9eS iP ,he P ° Siti0nal S ^ uence ' and a second <°«™ is performed at ste? 
S204 lor other triples of images. H 

fh 0 rnn, i , i Il e , Ca ' CUla,iOn '°T e ' per1ormed at ste P 53202 'or the triple of images comprising the first three images in 
the positional sequence will be described first. 

s?e 1 D 6 S202 F ? n U F^ h n OW R S ;f t 8 'I" 61 ' ,he ° Pera,i ° nS Perf ° rmed by CPU 4 in performi "9 the calcula «°" ™'ine at 
step S202 ,n Figure 20. Referring to Figure 21, at step S206, CPU 4 sets up the parameters necessary for the calcu- 
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lation. At step S208 : CPU 4 calculates the camera transformations between the first pair of images in the triple and 
stores the results, and at step S210, CPU 4 calculates the camera transformations between the second pair of images 
in the triple and stores the results. At step S212, the camera transformations for the first pair of images calculated at 
step S208 and for the second pair of images calculated at step S210 are used to calculate the camera transformations 

5 for all three images in the triple, these transformations then being stored. 

[01 65] Figure 22 shows the operations performed by CPU 4 in setting up the parameters at step S206. Referring to 
Figure 22, at step S214, CPU 4 reads the camera data input by the user at step S30 (Figure 4). At step S216, CPU 4 
reads the points matched in the first pair of images of the triple during initial feature matching at steps S52, S60, S62 
and S72 (Figure 7) and the points matched in the second pair of images in the triple during initial feature matching at 

io steps S54, S60, S64 and S72 (Figure 7). 

[0166] At step S218, CPU 4 generates, for each pair of images, a list of the matched points which are user-identified 
(that is, identified by the user at step S60 or S72 in Figure 7) and a list of matched points comprising both points 
calculated by CPU 4 as matching (at steps S52, S54, S62 or S64 in Figure 7) and user-identified points. Some of the 
calculated matching points may be the same as user-identified matching points. If this is the case, CPU 4 deletes the 

is CPU-calculated points from the list so that there are no duplicate pairs of matching points. By deleting the CPU-cal- 
culated points, CPU 4 ensures that a point appears in both of the lists which will be used for the calculations (one of 
these lists being user-identified points alone, and hence the point would not appear in this list if user-identified points 
were deleted to remove duplicates). The number of points in the list of user-identified matching points may be zero. 
This will be case if affine initial feature matching at steps S60 to S72 in Figure 7 has not been performed. 

20 [01 67] Also at step S21 8, CPU 4 generates a list of "triple" points, that is, points (including both user-matched points 
and CPU-calculated points) which are matched across all three images in the triple of images being considered. 
[0168] At step S220, CPU 4 normalises the co-ordinates of the points in the lists created at step S218. Up to this 
point, the co-ordinates of the points are defined in terms of the number of pixels across and down the image from the 
top left-hand corner of the image. At step S220, CPU 4 uses the camera focal length and image plane (film or CCD) . ^ 

25 size read at step S2 14 to convert the coordinates of the points from pixels to a co-ordinate system in millimetres having 

an origin at the camera optical centre. The millimetre coordinates are related to the pixel coordinates as follows: ^ 



30 



35 



40 



45 



SO 



X*= h x (x-C x ) 
f = -vx(y-C y ) 



(3) 
(4) 



where (x\y*) are the millimetre coordinates, (x,y) are the pixel coordinates, (C x ,C y ) is the centre of the image (in pixels), 
which is defined as half of the number of pixels in the horizontal and vertical directions, and "h" and "v" are the horizontal 
and vertical distances between adjacent pixels (in mm). 

[0169] CPU 4 stores both the millimetre coordinates and the pixel coordinates. 

[0170] At step S222, CPU 4 sets up a measurement matrix, M, as follows for each of the list of user-identified points 
and the list of user-identified and calculated points generated at step S218: 



M = 



*l -x x yl y x yi -yl x 1 -y x i > 

*2*2 -y 2 *2 *2 ~x 2 yZ y 2 yi -y 2 ' x 2 -y 2 1 



-y*Xk xl -* k y'k y k yt -y' k x k -y k i J 



(5) 



where (x,y) are the pixel co-ordinates of the point in the first image of the pair, (x'.y*) are the pixel co-ordinates of the 
corresponding (matched) point in the second image of the pair, and the numbers 1 to k indicate to which pair of points 
the co-ordinates correspond (there being k pairs of points in total in the list - which may, of course, be different for the 
user-identified points list and the user-identified and calculated points list). 
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[0171] At step S224. CPU 4 determines the number of iterations to be performed for the four different calculation 
techniques that it will use to ca.culate the camera transformations for Jfirst pair of images ^STJ^SSS 
calculate techniques that it will use to calcuta.e the camera transformations for the second pair of images The ou 

and Z^Td ° a C ? U ' a,e *! Camera ,ranS,0rmations < the sa ™ "sing used to? the first of images 

and the second pair of images) are: a perspective calculation using the list of user-identified points- a perspective 
calculating the hs, of both user-identified and calcuia.ed points; an affine calculation using the list of user idenS 
points; and an affine calculation using the list of both user-identified and calculated points 

[01 1 72] Figure 23 shows the steps performed by CPU 4 at step S224 in Figure 22 to determine the number of iterations 

S218 and dTm * ^ 23 ' « "» ^ CPU 4 oon "" ° ne ° f the ««- P-duc d Sep 

S218 and determines whether the number of points in that list is less than four. If it is, then at step S232 CPU 4 sets 

the number of iterations, 'na\ to be performed for the affine calculation using the points in that list to be zero too That 
a,' Z^:lZ P r!Z '^^r^- °' P ° in,S ,he ' iSt iS leSS *» *• number o, aeration^ is seUo lero 

S^Vp'u llt t r errnined K ' f Pf 30 that ' he RUmber °' P3irs of P° ints in tne lisl is n °t than four, then at step 

of iterations 4 ^l^T^T^^ a ^^^^ m ^ M ^^^^ 

Z«TT Z • J P ers P ec,Ive calculation using the points in the list is set to zero (since again there are not 
suffic ent points to perform the calculation), and the number of iterations, "na", to be used when performing he affine 
emulation or the points in the lis, is set to be fifteen. The value "na" is se, to 1 5 because this f*£JS££Z 

sTe^^^ 

si? CPU 4 !l et ,r ined h at S234 *"* ,he nUmber °' pairs of poin,s in the list is not less tha " ^ven, then at step 
NsHo Zlt T? ™ at '° nS ' " P " ,0 b6 Perf ° rmed f ° r the P^P^tive ca.cu.ation using the points in the 

Tenons " l^ZZs^ZTT ^ ^ ° f k ( k - 1 )( k - 2 )( k - 3 )(M(^5)( k -6)/20 1 60, and se'ts the' number o 
iterations, na to be performed for the affine calculation using the points in the list to be the minimum of 800 and the 

vllu SfZ 3VM?IT P r' ble ,0 Perf ° rm With ° Ut repe,i,i ° n for ,he P ers P ec,ive a " d 'he 

S Si J ffi llr! ^ t f 50% °' the maXimUm number 01 i,erations il is P° ssible to Psrf°™ without repetition 

acceptable results in a reasonable time limit. y«<Hiuuui.e 

S2l 7 8 5] witl mpTvS 1 ? 8 d Ml rib r d 3b ° Ve With feSpeCt 10 Fi9Ure 23 are performed ,0f each °' the "s.s set up at step 
J£r» Z , f P ? he " St ° f ,nple " P0in,s ' t0 calculate ,he number of iterati °ns to be performed in all four 

[0176] Rgure 24 shows, at a top level, the operations performed by CPU 4 when calculating the camera transfer 

ESS he^on?" °V ma9eS " ^ tfiPle 31 St6P 8208 (R9Ure 21) ' and ^ M ^ « a Sota- 
cTulate llZ™ 7 °' f T" T* * ^ S21 ° (Fi9Ufe 21 >' Re,errin 9 ,0 Fi 9 ure 24 ' at step S240, CPU 4 
A^s t e S C p J 

the ^resuS IhaMs CPuTT f Momations for the ima 9e pair using an affine calculation, and stores 

the results^ That ,s, CPU 4 calculates the camera transformations for each pair of images using two techniques each 

r 3 U D S lde, of thToK, ' ma96, name,V ima96S ° f 3 ° bieCt ' " ' ^ P ° SSible ,0 Perf ° rm Pr ° CeSSi " 9 1 ° — 

£112 , F ' 9Ur ? 2 f , Sh ° WS tHe °P era,ions Performed by CPU 4 when calculating the camera transformations usina a 

SSSESST? ^ St t eP S l 4 °, in Fi9Ure 24 - Referri " 9 10 Fi9ure 25 ' CPU " first P e ^s the pTpSve Sou 
in the ^jei ^ t pairs of points in the list of user-identified points (steps S244 to S262) and then using the pairs of points 
in the st containing both user-identified points and calculated points (steps S264 to S282) CPU 4 then determines 
which hst of points produced the most accurate results, and converts these results into calc laSd cZ" luZoZ 

cailu I? 3 '' ' ma9e ?• (S,6P S284> - Th6Se Pr ° CeSSin9 ° pera,ions P rovide the adva "tage that the t anSlon 
■s calcula ed using a plurahty of different sets of points, thereby giving a greater probability that an accurate Zsfor 
mation will be calculated. The operations will now be described in greater detail 

hi ! Re , ferrin9 , t0 f i9Ure 25 ' at s,e P S244 > Cp U 4 reads the value for the number o, iterations to be performed for 
tlZ » : ■ CU ' at,0n US ' n9 ,he user - identified P°i"«5 which was set at step S224 (Figure 22) and °dSZfn« 
whether this value ,s greater than zero. If it is not. then ,he processing proceeds to step S264 which is me strt o me 

. P he"e e rnT S uf a i c 0nS t '° r ' he r?^^ Ca ' CUlati0n USi " 9 ,he list of b0,h "--identified and ca u a eJ po s nee 
Sl79 a or UKsSZ Z S 7T?T ^ a '° ne ° n " Wch t0 Perf0rm ,he P ers P ective 

SWCpZ Jcrelnts ,h ' " V*'™** * ^ 5244 M the n{imber of i,era,ions is 9«tar than zero, at step 
S246 CPU 4 increments the value of a counter by one (the firs, time step S246 is performed, CPU 4 setting the counter 
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value to one). At step S248, CPU 4 selects at random seven pairs of points from the list of matched user-identified 
points set up at step S218 (Figure 22). At step S250, CPU 4 uses the selected seven pairs of points and the meas- 
urement matrix set at step S222 to calculate the fundamental matrix, F, representing the geometrical relationship be- 
tween the images, F being a three by three matrix satisfying the following equation: 



10 



{x* y' 1 ) F 



fx* 

y 
1) 



= o 



(6) 



75 



20 



25 



where {x,y,1 ) are the homogeneous pixel co-ordinates of any of the seven selected points in the first image of the pair, 
and (x\y\1) are the corresponding homogeneous pixel co-ordinates in the second image of the pair. 
[01 80] The fundamental matrix is calculated in a conventional manner, for example using the technique disclosed in 
"Robust Detection of Degenerate Configurations Whilst Estimating the Fundamental Matrix" by PH.S. Torr, A. Zisser- 
man and S. Maybank, Oxford University Technical Report 2090/96. 

[0181] It is possible to select more than seven pairs of matched points at step S248 and to use these to calculate 
the fundamental matrix at step S250. However, seven pairs of points are used in this embodiment, since this has been 
shown empirically to produce satisfactory results, and also represents the minimum number of pairs needed to calculate 
the parameters of the fundamental matrix, reducing processing requirements. 

[01 82] At step S252, CPU 4 converts the fundamental matrix, F, into a physical fundamental matrix, F phys , using the 
camera data read at step S21 4 (Figure 22). This is again performed in a conventional manner, for example as described 
in "Motion and Structure from Two Perspective Views: Algorithms, Error Analysis and Error Estimation" by J. Weng, T. 
S. Huang and N. Ahuja, IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 11, No. 5, May 1989, 
page 451-476, and as summarised below. 

[0183] First the essential matrix, E, which satisfies the following equation is calculated: 



{X*' y* ( f) E 



y* 

f 



= o 



(7) 



35 



where (x*. y*. f) are the co-ordinates of any of the selected seven points in the first image in a millimetre co-ordinate 
system whose origin is at the centre of the image, the z co-ordinate having being normalised to correspond to the focal 
length, f, of the camera, and (x*\ y*\ f) are the corresponding co-ordinates of the matched point in the second image 
of the pair. The fundamental matrix, F, is converted into the essential matrix, E, using the following equations: 



40 







f l/h 0 






A = 


0 1/v 


-c y /f 


45 




K 0 0 


Ut j 



(8) 



M=A T FA (9) 

E - I 2 XM 
Htf{M T M) 

where the camera parameters "h\ "v", "c/, "c/ and T are as defined previously, the symbol T denotes the matrix 
transpose, and the symbol "tr" denotes the matrix trace. 

[0184] The calculated essential matrix, E, is then converted into a physical essential matrix, *£ p ^\ by finding the 
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cS:;; decomposable directly into a translation vector (o, unit length, and rotation matrix (this 

[01 85] Finally, the physical essential matrix is converted into a physical fundamental matrix, using the equation: 



phys~ A t phys A (11) 



where the symbol "-1 ■ denotes the matrix inverse. 

I 0 !? 1 ?! PhySiCal eSSSn,ial ma,fiX ' and ,he ph y sical "^amenta! matrix, F Dhvs is a "physically real- 

sable matrix", that ... ,t ,s directly decomposable into a rotation matrix and translation vector' " 

bv .5 J^T'Tf ' ' Un . dame " ,a ! ma,rix ' W defines a curved surface in a tour-dimensional space, represented 
by the coordinates (x. y, x\ /) wh.ch are known as "concatenated image coordinates". The curved surface is given by 

rnT^rf.l 0 ^ V * ICh de ' ineS 3 3D qUadriC in the 40 s P ace of ^catenated image coordinates * 
So c2L"?. I f 4 IT ^ Ca ' CU,a,ed PhySiCa ' ,Undamental ma,rix each P-> Pohf tha, were 

distance .n the concatenated image coordinates) of the 4D point representing each pair of points from the surface 
represen ,ng the physical fundamental matrix. This distance is known as the "sLpson distance" andTc^uLted in 
a conventional manner, for example as described in "Robust Detection of Degenerate Conflflundk^ JSK^ 
he Fundamental Matrix" by P.H.S. Torr, A. Zisserman and S. Maybank, Oxford University Technical Report 2oS 6 
T? Jon™™ ? ^ in " hich CPU 4 t6StS ,he Physical '""damental matr* at step S253 ReSg to 

SSSn?!. ' " damental at ,he ,ou ^ mensi °" a ' poM defined by me co-ordinates of tanSS 
L S I" TT 1 USer - iden,ified P° ints < the co-ordinates defining each point in the pair being Ted to 
define a smgk . pom, in the four-d.mensional space of the concatenated image co-ordinates). Step S292 effectlely 
composes shifting the surface to touch the point defined by the coordinates of the pair of P o nts, and calculating the 
tangent plane a, that pom,. This is performed in a conventional manner, for example as described in SSSSE 

r^tT^ CP ? 4 Ca ' CU,ateS the n ° rmal 10 ,he tan 9 ent P ,ane calcula,ed a * step S292, and at step S296 
U emulates the distance along the normal from the point in the 4D space defined by the coordinates o the paf of 

™i J^^T",T^ ,he physical fundamental ™ uiK (,he ' Sa ^ son distance ">- 

1 • . 1 „ * 1 9 • th8 calcula,ed d,stance is compared with a threshold which, in this embodiment is set at 2 a 

E£1m » ance is les ! than the thresh0,d ' ,hen the poim ,ies SUfficienl * close <° ■^SS.^JIS 

h ' S r,? S,dered t0 aCCUra,e ' y represent ,he movement ° f the <*™« from the firs image of the oai 

s less » ha th'T 6 k ? ^ f ° r ,hS PartiCUlar Paif °' matched P° ints bein 9 consi ^. Accordingly " the d ince 
« less than the threshold, at step S300, CPU 4 increments the counter which was initially set to zero a s'eo S290 
stores the points, and stores the distance calculated at step S296 P ' 

c2L* S, , eP H S3 ° 2 ' 4 de,ermineS Wh6thef ,h6re iS an ° ,her P air of P° in,s in seven pairs of points used to 
TscTet ^T matnX ' and S,6PS 3292 ,0 8302 fepea,ed Un,i ' a " SUCh P° ints ha - b-n pressed as 

Sd arstoSSX^T 25 ' 31 f P S254, CPU 4 de,ermines Whe,her the P^ sical fundamental matrix cal- 
ca cSed oointf fn , hi ?T * ^ ^ prOCeSsin9 t0 ,est rt a 9 ainst a " °» lh * user-identified and 

Urn 3 h P ? J embod «™nt, step S254 is performed by determining whether the counter value set at sZ 
S300 (indicating the number of pairs of points which have a distance less than the threshold i s"ec S29B IndVnZ 
are cons.dered to be consistent with the physical fundamental matrbc) is equal c ,7 That is CPU 4 detefmLs whether 
the 6 otS Un H amen : al maWX iS COnSiS,em Wi,h a " °' ,he P° in,s used 10 cal -' a 'e * X ndamenta, 

a^^^£SZST! T, T PhySiCa ' <Undamen,al matfb<; ,hS Phys ' cal '- d aSe y n ?aT«te^ 
tested tTm rp T T < TT P °' ntS (a " h0U9h ,he PairS ° f P0in,s P' evious| y tested a » step S253 are not re- 
tested), and (...) CPU 4 calculates the total error for all points stored a. step S300, using the following equation- 
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Total error - 




where ej is the distance for the "i"th pair of matched points between the 4D point represented by their co-ordinates and 
the surface representing the physical fundamental matrix calculated at step S296, this value being squared so that it 
is unsigned (thereby ensuring that the side of the surface representing the physical fundamental matrix on which the 
point lies does not affect the result), p being the total number of points stored at step S300 and e m being the distance 
threshold used in the comparison at step S298. 

[01 94] In step S255, the counter value and stored points at step S300 (Figure 26) and the total error described above 
include the seven pairs of points tested at step S253. 

[0195] The effect of step S255 is to determine whether the physical fundamental matrix calculated at step S252 is 
accurate for each pair of user-identified and calculated points, the value of the counter at the end (step S300) indicating 
the total number of the points for which the calculated matrix is sufficiently accurate. 

[01 96] At step S256, CPU 4 determines whether the physical fundamental matrix tested at step S255 is more accurate 
than any previously calculated using the perspective calculation technique for the user-identified points alone. This is 
done by comparing the counter value stored at step S300 in Figure 26 for the last-calculated physical fundamental 
matrix (this value representing the number of points for which the physical fundamental matrix is an accurate camera 
solution) with the corresponding counter value stored for the most accurate physical fundamental matrix previously 
calculated. The matrix with the highest number of points (counter value) is taken to be the most accurate. If the number 
of points is the same for two matrices, the total error for each matrix (calculated as described above) is compared, and 
the most accurate matrix is taken to be the one with the lowest error. If it is determined at step S256 that the physical 
fundamental matrix is more accurate than the currently stored one, at step S258 the previous one is discarded, and 
the new one is stored together with the number of points (counter value) stored at step S300 in Figure 26, the points 
themselves, and the total error calculated for the matrix. 

[0197] At step S260, CPU 4 determines whether the value of the counter incremented at step S246 is less than the 
value "np B set at step S224 in Figure 22 defining the number of iterations to be performed. If the value is not less than 
"np", the required number of iterations has been performed; and the processing proceeds to step S264 in order to carry 
out the perspective calculation for the points in the list comprising both user-identified points and calculated points. 
Alternatively, if the required number of iterations has not yet been reached (value of the counter is still less than "np" 
at step S260), at step S262, CPU 4 determines whether the accuracy of the physical fundamental matrix (represented 
by the counter value and the total error stored at step S258) has increased at all in the last np/2 iterations. If it has, it 
is worthwhile performing further iterations, and steps S246 to S262 are repeated If there has not been any change in 
the accuracy of the physical fundamental matrix in the last np/2 iterations, processing is stopped even though the 
number of iterations has not yet reached the value "np" set at step S224 in Figure 22. In this way, processing time can 
be saved in cases where performing the full number of iterations would not produce significantly more accurate results. 
[0198] As described above with respect to Figure 23, the value of "np" is set based on the number of pairs of points 
in the list of points from which the seven pairs are selected at random at step S248. Referring to step S238 in Figure 
23, the value (k-1)(k-2)(k-3)(k-4)(k-5)(k-6)/20160 represents 25% of the maximum number of iterations that it would 
be possible to perform without repetition (this maximum number being the total number of different combinations of 
seven pairs of points selected from the list). The value np/2 used at step S262 has been determined empirically to 
produce acceptable results in a reasonable time. 

[01 99] Referring again to Figure 25 at steps S264 to S282, CPU 4 carries out the perspective calculation for the pair 
of images using pairs of points selected at random from the list comprising both user-identified and calculated points. 
The steps are the same as those performed at steps S244 to S262, described above, with the exception that the value 
"np" defining the number of iterations to be performed has been set differently (step S224 in Figure 22), and the seven 
pairs of points used to calculate the fundamental matrix selected at random are chosen from the list comprising both 
user-identified and calculated points. The operations performed in this processing will not, therefore, be described 
again. As before, Figure 26 shows the steps performed when testing the physical fundamental matrix against each 
pair of user-identified and calculated points (step S273 and step S275). 

[0200] At step S284, CPU 4 compares the most accurate physical fundamental matrix calculated using the user- 
identified points alone (stored at step S258) and the most accurate physical fundamental matrix calculated using both 
the user-identified points and calculated points (stored at step S278), and selects the most accurate of the two (by 
comparing the counter values which represent the number of points for which the matrices are an accurate solution, 
and, if these are the same, the total error). The most accurate physical fundamental matrix is then converted to a 
camera rotation matrix and translation vector representing the movement of the camera between the pair of images. 
This conversion is performed in a conventional manner, for example as described in the above-referenced "Motion 
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and Structure from Two Perspective views: Algorithms, Error Analysis and Error Estimation" by J. Weng, T.S Huang 
and N. Ahuja, IEEE Transactions on Pattern Analysis and Machine Intelligence. Vol. 1 1 , No. 5. May 1 989 page 451-476 
^o ,he pr0cessing described above with respect to Figure 25, CPU 4 calculates a fundamental matrix (steps 
S250 and S270). and converts this to a physical fundamental matrix (steps S252 and S272) for testing against the 
user-.dent.fied points and calculated points (steps S255 and S275). This has the advantage that, although additional 
processing is required lo convert the fundamental matrix to a physical fundamental matrix, the physical fundamental 
matrix ultimately selected at step S234 has itself been tested. If the fundamental matrix was tested against the user- 
identified and calculated points, and the most accurate fundamental matrix selected, this would then have to be con- 
verted to a physical fundamental matrix which would not, itself, have been tested. 

[0202] Referring again to Figure 24, CPU 4 has now completed the perspective calculations for the image pair and 
proceeds to step S242, in which it performs the second type of calculation, namely an affine calculation for the imaqe 
pair. a 

[0203] Figure 27 shows the operations performed by CPU 4 when carrying out the affine calculations. 
[0204] As when performing the perspective calculations, CPU 4 performs an affine calculation using pairs of points 
selected from the list of user-identified points alone (steps S310 to S327), and using pairs of points from the list of 
points comprising both user-identified points and calculated points (steps S328 to S345), and then selects the most 
accurate affine solution (step S346). Again, this provides the advantage that the transformation is calculated using a 
plurality of different sets of points, thereby giving a greater probability that an accurate transformation will be calculated 
[0205] When performing the perspective calculations, it is possible to calculate all of the components of the funda- 
mental matrix, F. However, when the relationship between the pair of images is an affine relationship, it is possible to 
calculate only four independent components of the fundamental matrix, these four independent components defininq 
what is commonly known as an "affine" fundamental matrix. 

[0206] Referring to Figure 27, at step S310. CPU 4 determines whether the number of iterations, "na" set at step 
S224 (Figure 22) for affine calculations using user-identified points alone is greater than zero If it is not there are 
insufficient pairs of points in the list of user-identified points to perform an affine calculation, and the processing pro- 
ceeds to step S328 where the list of points comprising both user-identified points and calculated points is considered 
On the other hand, if it is determined at step S310 that the number of iterations to be performed is greater than zero 
at step S312 CPU 4 increments the value of a counter (the value of the counter being set to one the first time step 
S31 2 is performed). K 

[0207] At step S31 4, CPU 4 selects at random four pairs of matched points from the list of points containing user- 
identrfied I points alone. At step S316, CPU 4 uses the selected four pairs of points and the measurement matrix set at 
step S222 to calculate four independent components of the fundamental matrix (giving the "affine" fundamental matrix) 
using a technique such as that described in "Affine Analysis of Image Sequences" by L.S. Shapiro, Section 5 Cam- 
bridge University Press 1 995, ISBN 0-521 -55063-7. It is possible to select more than four pairs of points at step S31 4 
and to use these to calculate the affine fundamental matrix at step S316. However, in the present embodiment only 
four pairs are selected since this has been shown empirically to produce satisfactory results, and also represents the 
minimum number required to calculate the components of the affine fundamental matrix, reducing processing require- 

[0208] At step S318, CPU 4 tests the affine fundamental matrix against each pair of points in the list comprising both 
user-identified points and calculated points (even though the affine fundamental matrix has been derived using points 
rom the list containing only user-identified points), using a technique such as that described in "Affine Analysis of 
image Sequences" by L.S. Shapiro, Section 5, Cambridge University Press, 1995, ISBN 0-521-55063-7 The affine 
undamental matrix represents a flat surface (hyperplane) in four-dimensional, concatenated image space and this 
test comprises determining the distance between a point in the four-dimensional space defined by the co-ordinates of 
a pair of matched points and the flat surface representing the affine fundamental matrix. As with the tests performed 
during the perspective calculations at steps S255 and S275 (Figure 25), the test performed at step S318 generates a 
value for the number of pairs of points in the list of user-identified and calculated points for which the affine fundamental 
matrix represents a sufficiently accurate solution to the camera transformations and a total error value for these points 
I ? e ?f eP " CPU 4 de,ermines whe,her ,he affi "e fundamental matrix calculated at step S316 and tested 
at step S318 is more accurate than any previously calculated using the user-identified points alone. This is done by 
comparing the number of points for which the matrix represents an accurate solution with the number of points for the 
most accurate affme fundamental matrix previously calculated. The matrix with the highest number of points is the 
most accurate. If the number of points is the same, the matrix with the lowest error is the most accurate If the affine 
undamental matnx is more accurate than any previously calculated, at step S322 it is stored together with the points 

r^nT \, TToo! a ™* C,en{t * accura,e solu,i0 ^ the tote' ™™ber °' these points and the matrix total error. 
[□210] At step S324, CPU 4 determines whether the value of the counter incremented at step S312 is less than the 
number of iterations, "na", set for affine calculations on user-identified points alone at step S224 (Figure 22) and hence 
whether the set number of iterations has been performed. If the value of the counter is not less than the set number 
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of iterations, then the required number of iterations have been performed, and processing proceeds to step S328. If 
the value of the counter is less than the set number of iterations, CPU 4 performs a further test at step S326 to determine 
whether the accuracy of the affine fundamental matrix has increased at all in the last na/2 iterations. If the accuracy 
has not increased, then processing is stopped even though the set number of iterations, "na", has not yet been per- 
5 formed. In this way, iterations which would not produce any increase in the accuracy of the affine fundamental matrix 
are not performed, and hence processing time is saved. On the other hand, if the accuracy has increased, steps S312 
to S326 are repeated until either it is determined at step S324 that the set number of iterations has been performed 
or it is determined at step S326 that there has been no increase in accuracy of the affine fundamental matrix in the 
previous na/2 iterations. 

10 [0211] At step S327, CPU 4 converts the stored affine fundamental matrix (that is, the most accurate calculated using 
the user-identified points alone) into three physical variables describing the camera transformation, namely the mag- 
nification, "m", of the object between the two images, the axis, <J>, of rotation of the camera, and the cyclotorsion rotation, 
9, of the camera. (The variables <j> and 8 will be described in greater detail later. ) The conversion of the affine fundamental 
matrix into these physical variables is performed in a conventional manner, for example as described in "Affine Analysis 

is of Image Sequences" by L.S. Shapiro, Section 7, Cambridge University Press, 1995, ISBN 0-521 -55063-7. 

[0212] In steps S328 to S345, CPU 4 carries out the affine calculation using pairs of points selected at random from 
the list containing both user-identified points and calculated points. The steps are the same as those performed by 
CPU 4 for user-identified points alone in steps S310 to S327 described above, with the exception that the number of 
iterations, "na", may have been set to a different value at step S224 in Figure 22, and the four pairs of points selected 

20 at random at step S332 are selected from the list comprising both user-identified and calculated points. These steps 
will therefore not be described again. 

[0213] Having performed the affine calculation using pairs of points from the list containing user-identified points 
alone (steps S310 to S327) and using pairs of points from the list comprising both user-identified and calculated points 
(steps S328 to S345) producing an affine fundamental matrix and which is the most accurate for each calculation, at 
25 step S346, CPU 4 compares these two affine fundamental matrices and selects the most accurate, this being the one 
having the highest number of points (stored at steps S322 and S340), and if the number of points is the same, the one 
having the lowest matrix total error. 

[0214] Referring again to Figure 21, having calculated at step S208 the camera transformation for the first pair of 
images in the triple using the perspective and affine techniques described above, and having calculated at step S210 
30 the camera transformation for the second pair of images in the triple using the same perspective and affine techniques, 
at step S21 2 CPU 4 uses the results to calculate the camera transformations for all three images in the triple together. 
[0215] Figure 28 shows the operations performed by CPU 4 in calculating the camera transformations for all three 
images in the triple together at step S212. 

[0216] When considering all three images in the triple, there are two camera transformations - one from the position 
35 at which the first image in the triple was taken to the position at which the second image was taken, and one from the 
position at which the second image was taken to the position at which the third image in the triple was taken. Each of 
these transformations can be either an affine transformation or a perspective transformation, giving four possible com- 
binations between the images (namely affine-affine, affine-perspective, perspective-affine and perspective-perspec- 
tive). Accordingly, at steps S350, S352, S354 and S356, CPU 4 considers a respective one of the four possible com- 
40 binations. and at step S358 selects the most accurate solution from the four. This processing will now be described in 
greater detail. 

[0217] At step S350, CPU 4 considers the case in which the transformation between the first pair of images in the 
triple is affine, and the transformation between the second pair of images is also affine. Previously, at step S208 (Figure 
21 ) CPU 4 has already calculated the affine fundamental matrix and associated three physical variables defining the 

45 affine transformation between the first pair of images in the triple. Similarly, at step S210 (Figure 21 ) CPU 4 has cal- 
culated the affine fundamental matrix and associated three physical defining the affine transformation between the 
second pair of images in the triple. As noted previously, the three physical variables derived from an affine fundamental 
matrix do not fully define the movement of the camera between a pair of images. At step S350, CPU 4 uses the 
previously calculated three physical variables to calculate the parameters necessary to define fully the camera move- 

50 ment between each pair of images. 

[0218] Figures 29a and 29b illustrate the parameters which it is necessary to calculate at step S350 to define fully 
the camera movements. Figure 29a shows a CCD imaging device, or film, 50 on which the images are formed in three 
different locations and orientations, representing the locations and orientations at which the first, second and third 
images in a triple were taken. Lines 52 represent the optical axis of the camera 1 2. The optical axis 52 moves a distance 

55 dl in moving from the first position to the second position, and a distance d2 in moving from the second position to the 
third position. 

[0219] The rotation of CCD 50 between the imaging positions is decomposed into a rotation about the optical axis 
52 and a rotation about an axis parallel to the image plane. This is known as the "KvD decomposition" and is described 
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0 521 55063 flL oS °' Universilv P ™°- 1** 

Rq re 29 a ^nZj^l h ab0Ut . ,h °.°P tlca ' 3X18 iS kn ° Wn as ,he "cy^otorsion angle" and is represented by "9" in 

fo TeZl^ , ^ 9Ufe 2931 CCD 50 r ° tateS by an a "9 ,e ei=90 ° from a -landscape- orientation 

for the first image to a portrait" orientation for the second image, and then by a further angle 62=-90° back to a "land 
scape" orientation for the third image. "9'«^ »u Daciuoa land- 

S , T fl h „H r0,ati0n , ab0Ut ^ 3X15 Para " el ,0 * he ima9e plane is deco ^P°^d in an axis^ng.e formulation into two 
angles * and p, as shown ,n Figure 29b. $ defines the axis 54 within the image plane about which rotation occurs ° 

^Strangle" 6 ^ an9 ' e " " *' 30915 ^ iS "**" ^ *«* «» a^S^n- 

Sen Ih h e e fS° a nd P °f ""l? ^ Cam8ra u^' 0 " ^ *"* an9 ' eS iS applied ,0 ,he transforation of the camera 
S^fo h JS- , u" d ,ma9eS 6ach triple (,hese an 9 |es bei "9 «ferred to as 61, $1, P 1) and between the 
second and third .mages (these angles being referred to as 62 $2 P 2) oetween the 

as" - 6^T^Z h r^ S ,W ° ; ranS ' 0rma,ions 0,,he camera ™ both considered to be affine. the scate. s, defined 

sLs" S2 ?8 and ss? £ p1 and p2 remain * 'he affine fundamental matrices calculated a, 

steps S208 and S210 (Figure 21 ) and must be calculated at step S350 

d 02 9 ? JTel^ZZ^ fTT?* 1 ■ ^ °' im " eS iS 3 PerSpeC "' Ve lransf °™.ion, values of P , 

d, 9, * are already defined in the rotation matrix and translation vector calculated at step S208 or S210 (Fiaure 21) 
However, the scale is not known. Accordingly, a. step S352, when CPU 4 considers the afflne-pe spf ^e a Se n l 
necessary to calculate the scale, s, and pi. At step S354, when CPU 4 considers the perspective^ n^ ^case is 

IZlelT^TaZT^ 5 Perf0rmed ^ CPU 4 ^ S,6PS S35 °' S352 ' 3354 and 8356 *™ <*°™°* 
[0225] Referring to Figure 30, at step S380. CPU 4 takes the next value of P 1 , p2 Figures 31a-31 d show the m u,~ 
of pi, p2 considered by CPU 4 in the different cases at steps S350 to S356 31 d show the values 

[0226] Figure 31 a shows the value of P 1 , P 2 for the affine-affine case considered at step S3S0 where both o 1 and 

£ in steo^ T° U L Va ? S °' p1> P2 C ° nSidered ' C ° mprisin 9 ei 9 W values <* P' varying be.wee 10' aS 
45 ,n steps of 5°, and eight values of p2 varying between 10= and 45" in steps of 5= Values of 0 1 and 7i ' bLITn 
10- and 45- are considered since i, has been found that a user is most likely tomove ™ a 1 2 h t hi anfe between 

"TnsK re? 6 ° " ' eaSt im39eS °' ° bi6Ct 24 ^ t3k6n - A Wid6r ** ~ ) 4e of va, 9 u e es be ca W n ee of 

S P SL 31bShOWS ,he / alUeS ° f P1 ' p2 f0r the affin ^perspective case considered at step S352 In this case 

^SZZZZ" A9a ' n ' 6i9ht ValU6S ° f P1 ^ COnSid6red *° r ,he kn0W " Value ° f * varyiSL?^ 

Sn 2 ?,h I 9 ",' 6 31C Sh ° WS ,he V3 ' UeS ° f p1 ' P2 considere d 'or the perspective-affine case considered at step S354 
confer J? tm ^ mMon is pers P ec,iv *. *» value of P 1 is known, and therefore elgV, v21sX 2 ar a 

rn,™ ^° Wn Va,U9 °' p1 " Varyi "9 between 10 ° and in steps of 5° P 

[0229] Figure 31 d shows the values of pi , p2 considered in the perspective-perspective case in steo S356 In thk 

^^Z^r^ 5 ^ PerSP6CtiVe ' ^ ~~ S - P1 - p2 arrwn^nfhtce 2 

SeredtS So. * ^ ^ * ^ ^ CPU 4 Ca ' CUla,eS ,he SC3le Wh ^ h best value of P 1. p2 

fo Figlre 32 U at %^c*!^T7"? ^ 4 ^ C3,CUl3tin9 the beS * SC3 ' e in Step S382 ' Refe ™9 
in„l™ , ^'u P . tS the value of a coun,er t0 zero - and at step S392 the value of the counter £ 

"e^^S^hree \T *" T* °* ^ P ° intS h * a "«« Wp,e -t^STpSJlS 
22) Ts,eTs396 ^ CPul 1^ u^^hf , ' ma9eS be ' n9 considered ' fram th ^ ^nera.ed at step S218 (Figure 

afstep S208 or S21 S fFil^i u aPpr0pr,a,e k Camera transformations (affine or perspective) previousV calculated 

,' 9ure 33 '""strales the rays projected from each point in the triple " 
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a) The sign of p1 is flipped (reversed) if sin(p1 )xsin(<|>1)>0. This is done because of prior knowledge of the ordering 
of the images. 



b) The rotation matrix, R, is defined from the angles (61. <J>1 S p1) using the equations: 

ft = [/+/Wsinp + M 2 (1-cosp)] R Q 



(13) 



10 



IS 



M = 



0 0 sin<J> > 
0 0 -cos<t) 
^-sin<(> cos<|> 0 



R Q = /+Xs/n9+X 2 (1-cos9) 



(14) 



(15) 
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f 0 -1 0^ 
10 0 
,0 0 0, 



(16) 
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30 



where I is the identity matrix. 

c) The translation vector, t, from the point position in the two images £ : the rotation matrix, R, and the change 
in magnification between the two images, "m", are defined using the equations: 



t=v/J{7v) 



(17) 
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[0234] Similarly, at step S400, CPU 4 varies the translation of the camera between the second and third images to 
make the ray from the third image intersect the ray from the second image at a point 62. 

[0235] At step S402, CPU 4 uses the ratio of the distance d 62 of the point 62 from the optical centre of the camera 
at its position for the second image, to the distance d 60 of the point 60 from this optical centre, to adjust the length 
d1 initial °* tne translation vector between the first and second camera positions and the length d2j nitia , of the translation 
vector between the second and third camera positions, as follows: 
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d1 fin a , = <"initi a ,*\^ 



d2 fmai 



(22) 

1/2 

(23) 



[0236] Referring to Figure 33. the lengths d1 final and d2 rinal calculated as above are the lengths of the translation 



< 24 > 

SSsLiJ'tS^ CPU 4 ,ests ,he scale calcula,ed at s,ep 8402 a9ainsl a " ,riple poin,s in the list produced at 

[0238] Figure 34 shows the operations performed by CPU 4 when testing the scale against all triple points Referrino 

nations from those determined at step S208 or S210 in Figure 21. depending upon whether an affine affine afftne- 
perspec live, perspective-affine or perspective-perspective case is being considered) for all three images to take nto 

fh^i : t s . c h cai h iat f d at step 8402 (R9ure 32> - This is per,omsd in convenii - a| ^neZc?:zxiiz 

llL^n, h ° SySt6m l ° be 3t the ° P,iCal C6n,re ° f the camera in its s ^°nd position (image 2) Z2 

as SeY a ^ g s r;xr n,ation of the camera in ,his — < the 2 



Centre of camera for third image = t 2g (25) 

Rotation of camera for third image = H 23 j 2 6) 

Centre of camera for first image = -R* 2 x ^ 2 (27) 

Rotation of camera for first image = R* 2 (28) 

^ri Rli 5 ,^ ,ra 1 S ' a,i0n , VeCt ° r , be,ween the ima 9<* indicated by the subscripts, and is given by Equation 17 above 

Equation n£T ° *" ^ ^ hdtal,Bd by ^ and is given by 

[0239] At step S422, CPU 4 sets the value of a variable, P, to zero, and at step S424, reads the next triple of matched 

« which l° m 1 h 6 ? Pr ° dUCed at S,6P S21 6 (Figure 22). At step S426, CPU 4 projects a ray from the S I the rSe 

Z e £ I 6 7 '"T ° f ,riP ' e ,hr ° U9h the ° P,iCal C6n,re 0f the camera in ,he «rst position, and from he S 

0 240 P Fi^ 1: 1 1 9 ima9e °' ^ ,riP ' e thr ° U9h the ° P,iCal Centre °* tne camera »• third positn 
[0240] Figure 35 illustrates the projection of the rays at step S426 

SSUL? Ste t P h S428 ; ^ Ca ' CUla,eS the mid - p0int 68 (R 9 ure 35 > al0 "9 the »™ <* clcert approach of the rays 
SmllT I and , ,hird ima9eS ' thiS " ne ° f Cl0SeSt a PP foach bei "9 ,he '™ which is perpendicular to bothle 
ray from the first .mage and the ray from the third image, as shown in Figure 35. At step S430 CPU 4 proiec ts the mid 
pomt calculated at step S428 into the second image of the triple. That is, CPU 4 connects the midSes foTe 
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supports this value for the scale calculated at step S402 (Figure 32). Accordingly, if the distance is below the threshold, 
the calculated scale is considered to be sufficiently accurate, and at step S435, CPU 4 increments the variable P 
representing the number of triple points for which the scale is accurate, notes the points in the triple under consideration 
as being accurate for the scale under consideration, and updates the total distance error (that is, the error for all the 
5 points so far for which the distance calculated at step S432 was deemed to be below the threshold at step S434) with 
the new distance calculated at step S432. The total error is calculated using the following equation: 



where e f is the distance between the projected point 70 and the actual point 72 in the second image for the B i G th. triple 
of points, this value being squared so that it is unsigned (thereby ensuring that only the magnitude of the distance 
is between the projected point and the actual point is considered, rather than its direction, too), P being the total number 
of points, and e^ being the distance threshold used for the comparison at step S434. 

[0243] On the other hand, if it is determined at step S434 that the distance is not below the threshold, step S436 is 
omitted so that the variable P is not incremented. 

[0244] At step S438, CPU 4 determines whether there is another triple of points in the list generated at step S218 
20 (Figure 22). Steps S424 to S438 are repeated until the processing described above has been carried out for all the 
triple points in the list. At this point, the value of the variable P then indicates the total number of triple points for which 
the calculated scale is sufficiently accurate. 

[0245] Referring again to Figure 32, after testing the scale at step S404 using the method just described, CPU 4 „ 
determines at step S406 whether the calculated scale is more accurate than any currently stored. This is done by 

25 comparing the number of points, P, and the total error stored at step S436 (Figure 34) with the number of points and 
total error for the previously stored best scale so far. The most accurate scale is the one with the largest number of 
points or, if the number of points is the same, the one with the smallest total error. If the newly calculated scale is more 
accurate, then it, the number of points, P, and the total error are stored at step S403 to replace the previous most 
accurate scale, number of points, and total error. If it is not, then the previous most accurate scale, number of points, 

30 and total error are retained. 

[0246] At step S410, CPU 4 determines whether the value of the counter incremented at step S392 is less than 20. 
If it is, at step S412, CPU 4 determines whether there is another triple of points in the list stored at step S218 (Figure 
22). Steps S392 to S412 are repeated until twenty triples of points have been used to calculate the scale (determined 
at step S410) or until all the triples of points in the list stored at step S218 (Figure 22) have been used to calculate the 

35 scale (determined at step S412) if the number of triple points is less than 20. The value 20 has been found empirically 
to produce acceptable results for the scale calculation in a reasonable time. 

[0247] Referring again to Figure 30, after calculating at step S382 the best value of the scale for the value of p 1 , p2 
under consideration, at step S384, CPU 4 determines whether the solution, that is, the values of p1, p2 : s are more 
accurate than the solution currently stored. Thus, CPU 4 tests whether the latest values pi, p2, s calculated at steps 

^o S380 and S382 have produced more accurate camera transformations than values which were previously calculated 
at steps S380 and S382. This is done by comparing the number of points, P, stored for the current most accurate 
solution and stored for the latest solution at step S408 (Figure 32) and step S436 (Figure 34). The most accurate 
solution is the one with the highest number of points, or the one with the smallest total error if the number of points is 
the same. If the new solution is more accurate than the currently stored solution, then at step S386, CPU 4 replaces 

45 the currently stored solution with the new one. On the other hand, if the currently stored solution is more accurate, it 
is retained. 

[0248] At step S388, CPU 4 determines whether there is a further value of p1 , p2 to consider, and steps S380 to 
S388 are repeated until all values of p1, p2 have been processed as described above. Referring to Figure 31 again, 
it will be seen from Figure 31a that steps S380 to S388 will be performed sixty four times for the affine-affine case 

so calculation at step S350 (Figure 28). It would also be appreciated from Figure 31b and Figure 31c that steps S3S0 to 
S388 will be performed eight times for the affine-perspective case calculation at step S352 (Figure 28) and eight times 
for the perspective-affine case calculation at step S354 (Figure 28). Steps S380 to S388 will be performed only once 
for the perspective-perspective case calculation at step S356 (Figure 28) since, as shown in Figure 31 d, only one value 
of pi, p2 is available for consideration at step S380. 

55 [0249] Referring again to Figure 28, having calculated respective solutions for the camera transformations for the 
affine-affine case at step S350, for the affine-perspective case at step S352, for the perspective-affine case at step 
S354, and for the perspective-perspective case at step S356, at step S358 CPU 4 selects the most accurate of these 
four solutions. This is again done by considering the total number of points, P, stored for each solution (step S386 in 



w 



Total error 




(29) 



25 



EP 0 898 245 A1 

same number of points then the total error fo T^h LIT „ "° n ' S accura,e >- " solutions have the 

selected as the most accurate IU, ' 0n ' S C ° nS ' dered ' 8nd the solu,ion wi,h th * tallest error is 

calculated camera transforma.bns are suSntlv ac .hh *? ? WhiCh " det6rmineS whe,her ,he 

S362 CPU 4 determines that thexaSated "l " ,he nUmber °' p0,n,S ' R is less than f °". «ien at step 

if the number of points P, SJS^^I^S^ ^ fficien,, y accu ^ On the other hand' 

> aresufficientlyaccuraeandpr ^ ssin pi ids t^^ 

of points P for the most accurate SS^^S^ '"^P 53 , 64 ^^. 4 determines whether the number 
(Figure 22). If the number of points is g eater ?han 80^ then PpT. . h , " T* ,n ^ S, ° red at Ste P 5218 
calculated camera transformations furthefto m ake thl ,hflre 18 n ° n6ed to P racess ^ 

Processing therefore proceeds ^^^S^nT" *"* ^ *'* SUfficien11 * accurate - 

Prices, defining the'rela,^ 

[02S1] If it is determined at sh» £*J h ? I ! 9 P ' 6 °' ' mages < includir <9 scale and p values) 

determines Aether" moS a /urate s^bn fsl?^ °', T R " ^ 9fea,6r ,han 80% ' at ste P '8388 CPU 4 
determines that .heso.u^ 

is converted to full camera rotation and translLTion rt P ? 9 P '° CeetiS '° S,ep S370 where the 

optimised because the p vaTue ar TccnZ 2 a ^ 7 The h S ° IU " 0n f ° f ,he P e ^ive-perspec.ive case is not 
matrix calculated by Cp'u Ta ste t Fioure ^oX 9 o.tT MnB dBflned in ,he ,Undamentel 

correspond to the perspective-perspectiv case he^ a. steo Sa cp , ! ' ^ aCCUrat6 SOlUtl '° n does not 
a conventional optimisation method sue f« • PowT, IthnH? ' f ■ 4m,nim,ses the ,ollowin 9 function, f( P ), using 

t(p) = -P + error (3Q) 
where the function is evaluated using the same steps as steps S380 S382 and ^« ;„ c 

points stored for the solution (steps S386 in Fioure 30 S40f Un Finn'J™ I l^f 9Ure 3 °' P ,s the number of 
indicates that P is to be maximised and "erro r Z Z 9 ! a " d S436 in Figure 34 > and ,he minu * sign 
the posits sign indicates Zmt.Vt^Z^S * ^ 5436 (Fi ° Ure M > and 

Ember is ZltrZtZ 7^71^'™ "'"T 31 8368 ( ° r the ™ dified if 
camera rotation matrix and'ranS vecSr COm3SPOndS * ^ P ere P^ive-perspec,K,e case) «o full a 

sequence of images. P ma9<3S " the flrSt ,ma 9 e ln the tri P le * not the first image in the 

t^ler^s^ 

srm=^ 

Ssth^^ 

step S462, CPU 4 reads the oair o ^ =h " " ™ ^ P . reV, ° USly Ca ' CU,ated at ste P ^212 in Figure 21. At 
at step S54, S60, S64 or S72 in FigureT A, sir "si* ™>T ^ °' ima9SS " ,he trip,e M Were 
in the second pair of images by a user at t en S60 t 'Z J^l % ^ °' pairS °' poin,s ***** etched 
points comprising the user-idenWieHo ints tooetLr ^ ? ( " USer - identified " ^nts), a .is, of pairs of 

second images at steps S54 or knZ 2™ „_ Pa ' rS °' P . 0,n,S ca,culated •» matching in the first and 
above with respect to step S218 in ?|™« ^ an**^" 9 , P ^ U ° m ' his M in the manner des "i°ed 
three images in the triple * images Z S C S54 oS m P °' n,S i f ^ WhiCh 3re matChed acrass a » 
a point in second image of ^8 1^1^1^^^^ 7? T u ' P ° im the ,hird imag e of the triple with 
constrained feature matching a. s<ep S7<^ X FiZ?TSX?!^ T-h" 0 ? ,irS ' '' ma9e °' the ,riple «V 
wi.-formpa.ofatrip.eofpoints.w.ichirru^^^^^ 



26 



EP 0 898 245 A1 



step S394, if selected). As noted above with respect to step S218 in Figure 22, the number of user-identified points 
may be zero if affine initial feature matching has not been performed. 

[0258] At step S466, CPU 4 normalises the points in the lists created at step S464, and at step S468, sets up two 
measurement matrices; one for the list of user-identified points and one for the list of user-identified and calculated 
points. These steps are carried out in the same way as steps S220 and S222 in Figure 22 described above, and 
accordingly will not be described again. At step S470, CPU 4 determines the number of iterations to be performed 
when carrying out the perspective and affine calculations for the second pair of images in the triple. This is performed 
in the same way as step S224 in Figure 22 described above, and accordingly will not be described again. 
[0259] Referring again to Figure 36, having set up the necessary parameters at step S450, at step S452, CPU 4 
calculates the camera transformation for the second pair of images in the triple and stores the results. This is carried 
out in the same way as step S208 or S210 in Figure 21 described above, and accordingly will not be described again. 
[0260] At step S454, CPU 4 uses the camera solutions for the first pair of images read at step S460 (Figure 37) 
together with the camera transformation calculated at step S452 for the second pair of images in the triple to calculate 
camera transformations between all three images in the triple. 

[0261] Figure 33 shows the operations performed by CPU 4 when calculating the camera transformations between 
the three images in the triple at step S454 in Figure 36. These operations are very similar to those performed in step 
S212 (Figure 21 ), and described above with respect to Figure 28, when calculating the camera transformations between 
the first three images in the positional sequence. As noted above, the relationship between the cameras for the first 
pair of images in the triple is already known from calculations on the preceding triple. It is therefore necessary to 
consider the transformation between only the second pair of images. Accordingly, at step S472, CPU 4 considers the 
case where the transformation between the second pair of images is affine. This is done by considering the camera 
solution for the first pair of images (read at step S450 in Figure 36) together with the most accurate affine fundamental 
matrix calculated for the second pair of images in step S452 (Figure 36), and calculating the scale, s ( and p2 using the 
same operations described above with respect to step S354 in Figure 28. 

[0262] At step S474, CPU 4 considers the case where the transformation between the second pair of images is 
perspective. CPU 4 uses the calculation for the first pair of cameras read at step S460 (Figure 37) together with the 
most accurate rotation matrix and translation vector for the cameras for the second pair of images obtained in step 
S452 (Figure 36) to calculate the scale using the same operations as in step S356 (Figure 28). In steps S476 to S488, 
CPU 4 carries out processing which is the same as that carried out at steps S358 to S370 in Figure 28, described 
above. That is, CPU 4 selects the most accurate solution from the one calculated at step S472 and the one calculated 
at step S474, and determines whether this is sufficiently accurate or not, optimising it if necessary at step S486 (which 
corresponds to step S368 in Figure 28) (it being noted that the solution is not optimised if it is determined at step S484 
that the solution corresponds to the *-perspective case since the values of p are optimised and, in the perspective 
transformation for the second pair of images, p is already sufficiently accurate since it is defined in the calculated 
fundamental matrix, and the value of p for the first pair of images will either be defined in a fundamental matrix if the 
transformation is perspective or will already have been optimised at step S368 in Figure 2B if the transformation is 
affine). 

[0263] Referring again to Figure 7, a description will now be given of the way in which CPU 4 performs constrained 
feature matching for a triple of images at step S74. 

[0264] Figure 39 shows, at a top level, the operations performed by CPU 4 when carrying out constrained feature 
matching. 

[0265] Referring to Figure 39, at step S500, CPU 4 considers "double" points in the first pair of images in the triple, 
that is points which have been matched between the first pair of images at step S52, S54, S60, S62, S54, S72 or S74 
(steps S54, S64 and S74 being applicable if performed for a previous triple of images) in Figure 7, but which have not 
been matched between the second and third images in the triple. For each pair of such "double" points, CPU 4 tries 
to identify the corresponding point in the third image. If it is successful, a triple of points, (that is, points matched across 
all three images) is created. 

[0266] Similarly, at step S502, CPU 4 considers 'double" points in the second and third images of a current triple 
(that is, points which have been matched across the second pair of images at step S54, S60, S64 or S72 in Figure 7, 
but which have not been matched across the first pair of images in the triple) and tries to identify a corresponding point 
in the first image to create new triples of points. 

[0267] Figure 40 shows the operations performed by CPU 4 at step S500 and at step S502 in Figure 39. Referring 
to Figure 40, at step S504, CPU 4 considers the next point in the second (centre) image of the triple which forms a 
"double" point with the other image of the pair (the first image when performing step S500 or the third image when 
performing step S502) and uses the camera transformation calculated at step S56 or step S66 in Figure 7 to identify 
a point in a corresponding location in the remaining image of the triple (the third image when performing step S500 or 
the first image when performing step S502). 

[0268] At step S506, CPU 4 calculates a similarity measure between the point in the second image and points tying 



27 



EP 0 898 245 A1 



poin, in the y direction. r^ZlZ^—X^ ,wo pixels > ° n •»»' side of the identified 

triple. CPU 4 calculates the .^SS^! t ^Jl'T h ,h<S remaining ima9e 01 the 

as that described in the paper 'CZt^Zs fp" 8 ' 88 C ° rre,a,i ° n ,eChnique ' ,or example such 

F02691 At sten 9mn rDi i >i ^ • L a^yiayny, pages 175-187 to identify a "best match" Doint 

S506 1 ££ t is^^s^o r ari * measure of ,he " best mJh * poin * identi ~ 

matching points, and a. step S5 2 o ms a o X^JSS V ,0 COnsider ,he poin,s 10 be 
—a^ofthetrip^ 

Sd. ^JSi^t^^^^^^ °< "** * the pair of images being con- 
processed in the manner described fabove ' * °' ima9eS bei ° 9 COnsidered have been 

S500 9 in Figure 39) ^^SSS^^SZ ? ? ^ Wld ima " S * 3 ,riple of < ma9es ^ 
These new matches are used by CP TfZ^lXZZl^?*^ ^ S5 ° 2 h FigUre39 > 
described below. In addition boL^M^^!^ ^™*^ data at step S1 ° in Fi 9 ure 3. ™ will be 
pair of images in a triple are taZ 2 Z k ' ma, ° heS 9enerated between poin, s " the second 

This is because, as XS^S^^^ f?T ta * UW ma,Chin9 ,or ,he next triple * '™ges. 
matches for the seconS T^lt Zces t TtZ m ZTJ T** 8 * ° Ut * S,6p 874 to identi * 

of images considered, and bo^Zll, m lZs ^Z 'T^T ^ Pair ° f ima98S h the next trip,e 
matching performed at step S64 attempt mlh S IT n 9P erformsda «^pS54 and the affine initial feature 
previously been matched -WCSiXC"^ t °' im39eS h ,hS ,fip,e W?lich have 

images calculated during constrained ^ZX^Vi£%& 7^°* P ° intS in ,he first pair ° f 

performing initial feature matching for he nemSe o i™™? , h ^ 39) *'* ™ l ,aken int ° consideration when 

4gen e ratesthe«hree.dime nsi JS a S t n se X, p^ Oi ^T^!^??^^^™ 
matching is carried out at step S74 in Fiaure 7 for Yh^Z. below. When constrained feature 

of images to be considered, an^a'coS the ne* mS « "TIT S6qUenCe ' ,here is no subse < uent triple 
are no, taken into C onsidera«ion du "gS 
thesenev .matches are taken into coLeraS^^ 

uses the results to generate 3D data at step S10 The aim descrlbed abov s. CPU 4 

^V^u^^^^^ 

Figures2and5, the pairs comprising L1L3 L3L2 SuTnd, T*? T " ^ SeqU9nCe in turn (in the exam P le ° f 
a user-identified "double" of points Mat is a oair^f nl, f k , Pr ° ,eC,S P ° in,S Within ,he pair which form ^er 
S60 or S72 in Figure 7 but no. matohed v^t'h fl S f m3 Ched b6tWeen the pair 0f ima 9 es the us *r a t step 
pair of images) o'part of a 2 \* TmZ^T T 9 * ,mmedia,el V or immediately following the 

or by CPU 4, between t e ^^S^SS^T ^ P ° imS ^ m3tChed ' 6ither b V 
the positional sequence) to calculate a «K ^ ^ nTn ' ma9e 1,16 pair and the sub ^quent image in 

considers only pairs of J^^ ^T,^" ° ,mm ^ SUCh pairof poin,s - ln s,ep S520. CPU 4 
transformation" 'when ^Uz^ZTl^ * ^ ^ Ca ' CU ' a,ed ^ 

points when constrained feature ^atc^TJo^ JL T co'" ,' 9Ure 3 ' 00 Were identified as ™w matching 
from a pair to a trip.e during oon^ZrT^ - ^ ^ 

feature matching which were not considered to be suffir Z.t ? [ 9 hUS ' P °' ntS ma,ched durin 9 ini,j al 

not considered by CPU 4 in step S5X ^ /unit th!" V f 0 "^ 6 W " h ,he Ca ' CUla,ed camera transformation are 
matching). * P S52 ° (U " leSS they Were s " b sequently extended to a triple by constrained feature 

£^.22^: i%t::tjzt:z^ 4 ^ en ca r a,ing ,he 30 points at s,ep *™- ^ 

performed for the first time At step 85^2 CPU 4 D rlZ , ^ S6qUenCe (,he ,irst pair when «te P S530 is 



28 



EP 0 898 245 A1 



in three-dimensional space through the optical centre of the camera for that point. This produces rays similar to those 
shown in Figure 35, with the exception that the rays are projected from adjacent images in Figure 35 since the images 
are considered in pairs. 

[0276] At step S534, CPU 4 calculates the mid-point of the line segment which connects, and is perpendicular to, 
s both the lines projected in step S532 (this mid-point corresponding to the point 68 shown in Figure 35, and representing 
a physical point on the surface of object 24). At step S536, CPU 4 determines whether a corresponding point has been 
matched in the next image of the sequence, that is, whether the points from which rays were projected in step S532 
form part of the triple of points with the subsequent image. If it is determined that a corresponding point has been 
matched in the next image, CPU 4 projects a line from the matched point in the next image in the same way that it did 
10 from the points in step S532. At step S540, CPU 4 calculates the mid-point of the line segment which connects, and 
is perpendicular to the new line projected at step S538 and the line projected from the point in the previous image at 
step S532, in the same way that the mid-point is calculated in step S540. 

[0277] At step S542, CPU 4 determines whether a corresponding point has been matched in the next image of the 
sequence. Steps S538 to S542 are repeated until the next image in the sequence does not contain a corresponding 

is matched point or until all the images in the sequence have been processed. 

[0278] By way of example, referring to a sequence of images containing five images, such as the example shown 
in Figure 2 and Figure 5, steps S532 and S534 will project a ray from a point in the first image and a matched point in 
the second image and calculate a single three-dimensional point (the mid-point in step S534) which represents the 
projection of the point in the first image and the point in the second image. Thus, a single point in three-dimensional 

20 space representing a physical point on the surface of object 24 is obtained from a pair of points between adjacent 
images in the sequence. If the third image in the sequence contains a point which is matched to those in the first and 
second images (determined at step S536), steps S538 and S540 project a line from the point in the third image and 
calculate the mid-point of the line segment which connects, and is perpendicular to, the line from the point in the second 
image and the line from the point in the third image, this mid-point representing the 3D point resulting from the projection 

25 of the points in the second image and third image. Similarly, if the fourth image in the sequence has a point matched 
to that in the third image (determined at step S542), steps S538 and S540 are repeated to project a line from the point 
in the fourth image and calculate the mid-point of a line segment which connects, and is perpendicular to, the line from 
the fourth image and the line from the third image. A further 3D point representing the projection of points from the 
fourth and fifth images in the sequence will be obtained by step S538 and S540 if it is determined at step S542 that a 

30 corresponding point has been matched in the fifth image of the sequence. Thus, if the point is matched in all five images 
of the sequence, four 3D points are produced (representing the same physical point on the surface of object 24), 
although it is unlikely that the 3D position of these will be exactly coincident due to errors in the calculated camera 
transformations and the matches themselves. Instead, the points form a cluster 80 in 3D space, as shown in Figure 43. 
[0279] Referring again to Figure 42, at step S544, CPU 4 determines whether there is another pair of points not 

35 previously considered in the current pair of images which form a user-identified "double" of points across the pair of 
images or form part of a triple of points with a subsequent image. Steps S532 to S544 are repeated until all such points 
have been considered. Each such pair of points produces either a single point 82 in 3D space (Figure 43) if it is 
determined at step S536 that a corresponding point has not been matched in the next image or a cluster of points if 
the corresponding point has been matched in at least the next image. If the point is matched across three successive 

40 images in the sequence, the cluster contains two points, if it is matched across four successive images in the sequence 
it contains three points, and, as described above, if it is matched across five images in the sequence, the cluster 
comprises four points as shown in cluster 80 of Figure 43. 

[0280] At step S546, CPU 4 considers whether there is another pair of images in the sequence. Steps S532 to S546 
are repeated until all pairs of images in the sequence have been processed as described above. The result is a plurality 
45 of clusters of points in three-dimensional space as shown in Figure 43, with the points within each cluster corresponding 
to what should be a single 3D point (this representing a point on the surface of object 24). 

[0281] Referring again to Figure 41 , at step S522, CPU 4 uses the 3D points calculated at step S520 to calculate 
the error in the transformation previously calculated for each camera, and to identify and discard inaccurate ones of 
the 3D points. 

so [0282] Figure 44 shows the operations performed by CPU 4 at step S522 in Figure 41. Referring to Figure 44, at 
step S550, CPU 4 considers all of the points in three-dimensional space calculated at step S520 (Figure 41) and 
calculates the standard deviation of the x co-ordinates, Ax, the standard deviation of the y co-ordinates, Ay, and the 
standard deviation of the z co-ordinates, Az. At step S552, CPU 4 calculates the "size" of the object made up of the 
points in the three-dimensional space using the formula 

55 

Size = (Ax 2 + Ay 2 + Az 2 ) 1 ' 2 (31) 
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P n = RP n +t (32) 



The sum is minimised over all common points of the modules ol the dot product (P^-P^'tP^-Pc). 

5 [0288] At step S566, CPU 4 applies the error rotation matrix and the error translation vector calculated at step S564 
to each point previously calculated for the subsequent pair ol camera positions (#2 in Figure 45b). For each previously 
calculated point, this gives a corrected point (P n * given by Equation 32 above) which is now positioned closer to the 
point for the current pair of camera positions, as shown in Figure 46, in which the points for the current pair of camera 
positions are represented by dots as before, and the corrected points for the subsequent pair of camera positions are 

10 represented by crosses. 

[0289] At step S568, CPU 4 calculates the difference between the co-ordinates of each corrected 3D point calculated 
at step S566 and its corresponding point, and calculates the co-variance matrix of the resulting differences, this being 
performed using conventional mathematical techniques. The resulting co-variance matrix comprises a Gaussian dis- 
tribution in three dimensions, which represents a three-dimensional error ellipsoid for the error transform calculated at 

15 step S564. Thus, in steps S564 to S568, CPU 4 has calculated an error transform for the subsequent pair of camera 
positions and the error (the error ellipsoid) associated with the error transform. 

[0290] At step S570, CPU 4 determines whether there is another pair of camera positions which has not yet been 
considered. Steps S554 to S570 are repeated until the data for all pairs of camera positions has been processed in 
the manner described above. 

20 [0291] It will be appreciated that an error transform is not calculated at step S564 for the first pair of camera positions 
in the sequence. This pair of camera positions is assumed to have zero error. It will also be appreciated that the error 
transform for a given pair of camera positions is calculated relative to the previous pair of camera positions. Thus, the 
error transform for the second pair of camera positions (that is, producing the second and third images in a sequence) 
includes no cumulative error since the error for the first pair of camera positions is assumed to be zero. On the other 

25 hand, the error transform for each subsequent pair of camera positions will include cumulative error. For example, the 
error transform for the third pair of camera positions (that is, the positions producing the third and fourth images in the 
sequence) is calculated relative to the error transform for the second pair of camera positions. Accordingly, the calcu- 
lated error transform and co-variance matrix for the third pair of camera positions needs to be adjusted by the error 
transform and co-variance matrix for the second pair of camera positions to give a total, cumulative error for the third 

30 pair of camera positions. Similarly, the calculated error transform and co-variance matrix for the fourth pair of camera 
positions (producing the fourth and fifth images in the sequence) needs to be adjusted by the error transform and co- 
variance matrix for both the second pair of camera positions and the third pair of camera positions (that is, the cumulative 
error for the third pair of camera positions) to give a total, cumulative error for the fourth pair of camera positions. 
[0292] This is carried out by CPU 4 at step S572 as follows: 

35 

40 ^i=^H +t i P4) 



(35) 



where Rj' is the rotation matrix for the ith cumulative error transform, Rj is the rotation matrix for the ith individual error 
transform, tj* is the translation vector for the ith cumulative error transform, t, is the translation vector for the ith individual 
error transform, Cj' is the covariance matrix for the ith cumulative error transform, and C n is the covariance matrix for 

50 the nth individual error transform. 

[0293] Referring again to Figure 41 , after calculating the error for each pair of camera positions at step S522, at step 
S524, CPU 4 adjusts the co-ordinates of each remaining point in the three-dimensional space (that is, the points cal- 
culated at step S520 less those discarded at step S560 in Figure 44) by the appropriate camera position error This is 
done by applying the cumulative error transform (calculated previously at step S572 in Figure 44) to the point position 

55 and adding the appropriate error ellipsoid (also previously calculated at step S572 in Figure 44) to the point. For ex- 
ample, points produced at step S520 from the first pair of images in the sequence are not adjusted at step S524 since, 
as described above, it is assumed that the camera position error is zero for this pair of images. The points produced 
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ll , 9 S tNrd ima9eS in the S6qUenCe are m0ved bv the *<™ transform calculated for .he 

second parof camera positions, and.he co-variance matrix calculated for the second pairof camera positions is added 
to the moved points. The points produced at step S520 from the third and fourth images in the seq'uen e are moved 
by the cumulate error transform calculated at step S572 in Figure 44 for the third pair of camera positions andTe 
ZZt Z C °" V , r. T Ca ' CU,a,ed 3t S,6P 5572 f0f the ,hifd Paif °' ^mera positions is Ldded c e moved 

error ransform calculated at step S572 for the fourth pair of camera positions, and the cumulative coiariancTmaWx 
calculated a. step S572 for the fourth pair of camera positions is added to the moved points C °™ anCe ma,rlx 
ala obS rSif th U * COmbin ^P oin,s j n ,he three-dimensional space which relate to a common point on the 

' ? 1 • hS P ° ,n,S W ' thin each ,ndividual clus,er are combined <° P^uce a combined point whose 
SSZJT P ° Sfti0n T S °' ,he P ° in,S the CluSter ' with an error ell| P s ° id dependent u^he Tror 

£T T t ' n dUSter ThS err ° r 8 " ipS0idS 3re Gaussian P rababilitv density 'actions in 3D space rep- 

resent^g.ndependentmeasurementsofthesameaDpoinfsposition.Sincetheyareindependent the individual meas- 
urement are combin d in this step by mu|tjp|yjng ^ probabi| ^ J ^ ^^'^SZ^ 

manner, to give a combined Gaussian probability density function or error ellipsoid 

Fo^llTl b K ,he CaS c e,hat P ° in,S Crea,ed 81 St6P S526 d ° no1 ac,ua,lv relate t0 ""ique PO^ts on object 24 
S£S ™ T t m ^ Ure 47 ' err ° r e " ipSOidS f0f POin,S 1 °°' 1 02 and ,04 acIua »V accord^ 
SE2 E n I S Same P ° im 00 ° bjeC ' 24 Conse q uen "V. a ' ^ep S528, CPU 4 checks whether the com 

m^rRJrT^ T 3526 C ° rreSPOnd ,0 UniqUe im39e P ° in,S on ob ' ect 24 ' and ™w °nes tha do no. 
[0296] F.gure 48 shows the operations performed by CPU 4 in step S528. Referring to Figure 48 at steo S580 CPU 

4*0* he points produced a « S te P S5 2 6(Rgure41,in.ermsof the wlumeofthelrerie^^ft^^ 

s^KSSSir S526) ' poin, : i,h ,he smai,est error eiiipsoid beina * 

gSJ? A ' Step S582 CPU 4 compares the next highest point in the list (this being the highest point the first time steo 
S582 , | Performed) w.th all subsequent points in the lis, by identfying all subsequent poinJs for Sch the cu \Z P 2 

Se ZinL T I eqU " a ' e ?, t (,hS Maha ' an0biS diS,anCe) ° f ° ne S,andard aviation from the sub q e t p LZl 
determined from the error ellipsoid of the subsequent point). 1 

[0298] At step S584, the highest point under consideration is combined with every point lower in the liit for which 
c^lT?, T P ,? intS 13 ,SSS ^ thS Mahaten ° biS diStance ° f the e ™ empsoid o, the lower po in^m £ 
SSL \ 7°?™ 9 a " ° f ,he P ° intS 10 pr0dUCe 3 sin 9 ,e ' Point, in the same way that the ^ J were 

reoTaceri h thpT t h US,n 9 COnven,k > nal mathematica. techniques. The highest point under considerifs Then 

used" c eaTe thl SJS T ^ C ° mbined P ° im ' a " d a " °' ,hS l0W6r poin,s in the lisl whi <* ™ 
usea to create the combined point are removed from the list 

[ ° 2 B 9 R 9] At ste P S58 6. CPU 4 determines whether there is another point in the list not yet considered Steps S582 to 

roaoof rT Unt " a " °l P ° intS in thS HSt haVe been pr0Cessed in tne «y described above ' 
H "I 6 "'" 9 a , 9a ' n 10 Fl9Ure 41 • af,er P ert °™° steps S520 to S528, CPU 4 has produced a plurality of points 

* , SPaC8 ' 6aCh ° f rela,es t0 a P° int on the surface of the object 24 

Ses oft^r" ,0 Fi9Ufe 3 ' 31 S,eP S12 ' 4 Pr0CeSS6S ,hS P ° in,S t0 ting the 

H. F t i9 " re 49 Sb0WS ,he °P erations P erf °^ed by CPU 4 when generating the surfaces at step 81 2 in Figure 3 
Refernng to F.gure 49, at step S590, CPU 4 performs a Delaunay triangulation of the points in «X^Z^^ t 

Ch.nl 7n C M, n T V p n " 0nal mann6r - '° r eXamp ' e 38 d6SCribed in 'Three-Dimensional Computer 7sv" by Fauqeraf 
Chapte no MITPressJSBNO-262-06 1 58-9.Thi S op e ra,ionin,er < onnec tS ,hepointstoformap.uXofflat^ 

" S - How rf ever ' man V of the inter-connections between the points are made through the LfdeVthe S 24 
generating surfaces in the interior of the object 24 which cannot be seen from the exterior I Addition « may afso 

t P 'I 5 ** 5 ,hS d3ta 10 rem ° Ve ' hese " hidden " and " s P urious " surf aces. 

rMhn™,i e « tK~ . '^-»oiw> ^ Clearly, there shouldbe no surface between the point and thecamera 

a s e^'ss 6 mT ? Sb OPul 2 p ° int ' Accordin 9 lv ' any surface intersected by the ray is Tmov Jd 

can be steps S 5 o^ UoslT ^ * ^ h the ,hre ^ im ^^nal space which 

described above M ^steo IsS PPU ! h , l eP ! a,ed Un,,, a " ,hS P ° intS haVe been processed in the manner 

aoove. At step S600, CPU 4 determines whether there is another camera in the sequence Steps S592 to 
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S600 are repeated until all of cameras have been considered to remove surfaces as described above. 
[0304] In the processing described above, at step S594, CPU 4 projects the ray from a camera to the edge of the 
error ellipsoid for a point (rather than to the point itself) and considers whether the ray intersects any surface. This 
provides the advantage that the positional error for a point is taken into account. For example, if the ray was projected 
5 all the way to a point, a surface lying between the point and the edge of its error ellipsoid nearest to the camera would 
be intersected by the ray and hence removed. However this may produce an inaccurate result since the 3D point could 
actually lie anywhere in its error ellipsoid and could therefore be in front of the surface. The processing in the present 
embodiment takes account of this. 

[0305] At step S602, CPU 4 considers the remaining triangular surfaces, and removes any which does not have a 
10 surface touching free space (this corresponding to a surface which is enclosed within the interior of the object). This 
is performed using a conventional technique, for example as described in "Three-Dimensional Computer Vision" by 
Faugeras at Chapter 10, MIT Press, ISBN 0-262-06158-9. 

[0306] After performing steps S590 to S602, CPU 4 has produced a plurality of surfaces in a three-dimensional space 
representing the object 24. At steps S604 to S610, CPU 4 determines the texture to be displayed on each triangular 
15 surface. 

[0307] At step S604, CPU 4 calculates the normal to the next remaining triangle (this being the first remaining triangle 
the first time step S604 is performed). At step S606, CPU 4 calculates the dot product between the normal calculated 
at step S604 and the optical axis of each camera to identify the camera which viewed the triangle closest to normal 
(this being the camera having the smallest angle between its optical axis and the normal to the surface). At step S608, 
20 CPU 4 reads the data for the camera identified in step S606 (previously stored at step S1 8 in Figure 4) and reads the 
image data lying between the vertices of the triangle to determine the texture for the triangle. At step S610, CPU 4 
determines whether there is another remaining triangle for which the texture is to be determined. Steps S604 to S610 
are repeated until the texture has been determined for all triangles. 

[0308] Referring again to Figure 3, in this embodiment, after generating the surfaces representing the object at step 
25 $12, CPU 4 displays the surfaces at step S14. This is performed in a conventional manner, for example as described 
in "Computer Graphics Principle and Practice" by Foley, van Dam, Feiner & Hughes, Second Edition, Addison -Wesley 
Publishing Company Inc., ISBN 0-201-12110-7. This process is summarised below. 

[0309] Figure 50 shows the operations performed by CPU 4 is displaying the surface data at step S14. Referring to 
Figure 50, at step S620, CPU 4 calculates the lighting parameters for the object, that is the data defining how the object 

30 is to be lit. This data may be input by a user using the input device 14, or, alternatively, default lighting parameters may 
be used. At step S622, the direction from which the object is to be viewed is defined by the user using input device 14. 
[031 0] At step S624, the vertices defining the planar triangular surfaces of the object are transformed from the object 
space in which they are defined into a modelling space in which the light sources are defined. At step S626, the 
triangular surfaces are lit by processing the data relating to the position of the light sources and the texture data for 

35 each triangular surface (previously determined at step S608). Thereafter, at step S628, the modelling space is trans- 
formed into a viewing space in dependence upon the viewing directed selected at step S622. This transformation 
identifies a particular field of view, which will usually cover less than the whole modelling space. Accordingly, at step 
S630, CPU 4 performs a clipping process to remove surfaces, or parts thereof, which fall outside the field of view. 
[0311] Up to this stage, the object data processed by the CPU 4 defines three-dimensional co-ordinate locations. At 

40 step S632, the vertices of the triangular surfaces are projected to define a two-dimensional image. 

[0312] After projecting the image into two dimensions, it is necessary to identify the triangular surfaces which are 
"front-facing", that is facing the viewer, and those which are "back-facing", that is cannot be seen by the viewer. There- 
fore, at step S634, back-facing surfaces are identified and culled. Thus, after step S634, vertices are defined in two 
dimensions identifying the triangular surfaces of visible polygons. 

^5 [0313] At step S636, the two-dimensional data defining the surfaces is scan-converted by CPU 4 to produce pixel 
values, taking into account the data defining the texture of each surface previously determined at step S608 in Figure 49. 
[031 4] At step S638, the pixel values generated at step S636 are written to the frame buffer on a surface -by-surface 
basis, thereby generating data for a complete two-dimensional image. 

[0315] At step S640, CPU 4 generates a signal defining the pixel values. The signal is used to generate an image 
50 of the object on display unit 1 8 and/or is recorded, for example on a video tape in video tape recorder 20. The signal 
may also be transmitted to a remote receiver for display or recording. 
[0316] Various modifications are possible to the embodiment described so far. 

[031 7] In the embodiment above, as described with reference to Figure 2, camera 1 2 is moved to different positions 
about object 24 in order to record the images of the object. Instead, camera 12 may be maintained in a fixed position 
55 and object 24 moved relative thereto. Of course, the positions of the camera 12 and the object 24 may both be moved 
to record the images. 

[031 8] Camera 1 2 may be a video camera recording a continuous sequence of images of the object 24. Image data 
for processing by CPU 4 may be obtained by selecting frames of image data from the video sequence. 
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with a point in the third image, thereby identifying a triple of points. 

[0329] In the embodiments described above, when performing affine initial feature matching on a pair of images at 
step S62 or S64 in Figure 7, CPU 4 considers points in the first image of the pair which have been matched with points 
in the preceding image in the sequence but which have not yet been matched with a point in the second image of the 
pair and performs processing to try to match such points with points in the second image of the pair (steps S 166 to 
SI 76 in Figure 18). Thus, CPU 4 perlorms processing to "propagate" matched points through the sequence of images 
from a current image to a succeeding image in the sequence. It is also possible to perform such processing to 'prop- 
agate" points in the opposite direction, that is, from a current image to a preceding image in the sequence. For example, 
the images in the sequence could be considered in reverse order, that is, starting with the final image in sequence (the 
image taken at position L5 in the example of Figure 2), and the data processed in a similar manner to that already 
described. Processing can also be performed to "propagate" points in both directions, this being likefy to provide more 
matches between points than when processing is performed to "propagate" points in a single-direction: This, in turn, 
may enable more accurate camera transformations to be calculated at step S66 in Figure 7. 

[0330] In the embodiment above, when CPU 4 performs constrained feature matching at step S74 in Figure 7, new 
matches between points in the second and third images of a triple of images may be identified at step*S500 in Figure 
39. As explained previously, these points are considered in subsequent processing since the pair of images across 
which the new points are matched becomes the first pair of images in the next triple of images considered. Thus, when 
automatic initial feature matching or affine initial feature matching for the second pair of images in the next triple is 
performed at step S54 or step S64, the new matched points from the constrained feature matching may be used to 
identify matching points in the third image of the triple, as described above. On the other hand, in the embodiment 
above, the new matches generated at step S502 in Figure 39 between points in the first and second images of a triple 
when CPU 4 performs constrained feature matching are not considered in any subsequent initial feature matching 
operations. This is because the new matches are across the first pair of images in the triple, and this pair is not con- 
sidered further in subsequent initial feature matching processing. The new matches are, however, taken into account 
when CPU 4 generates the 3D data at step S10 (Figure 3) since the newly matched points form part of a "triple" points. 
As a modification, it is possible to perform additional processing to recalculate the camera transformations taking into 
account any new matches identified during constrained feature matching. This would produce two solutions for the 
camera transformations for each triple of images: the first being produced in the manner described above with respect 
to Figure 7, and the second being produced by the additional processing to take into account the new matches. The 
most accurate solution between the two may then be selected. 

[0331] In the embodiment described, in steps S52, S54, S60, S62, S64, S72 and S74 points (corner points, minimum 
points, maximum points, saddle points etc.) are matched in the images. However, it is possible to identify and match 
other "features", for example lines etc. 

[0332] At step S528 in the embodiment above, CPU 4 merges points if they lie within one standard deviation of each 
other. 

[0333] However, it is possible to delete one of the points instead of combining them. 

[0334] In the embodiment described, having generated the surfaces at step S1 2 in Figure 3, CPU 4 performs process- 
ing to display the surface data at step 14. Alternatively, or in addition, instead of displaying the surface data at step 
S1 4, CPU 4 may: control manufacturing equipment to manufacture a model of the object 24, for example by controlling 
cutting apparatus to cut material to the appropriate dimensions; perform processing to recognise the object, for example 
by comparing it to data stored in a database; carry out processing to measure the object, for example by taking absolute 
measurements to record the size of the object, or by comparing the model with models of the object previously generated 
to determine changes therebetween; carry out processing so as to control a robot to navigate around the object; transmit 
the object data representing the model to a remote processing device for such processing (for example, CPU 4 may 
transmit the object data in VRML format over the Internet, enabling it to be processed by a WWW browser). Of course, 
the object data may be utilised in other ways. 

[0335] The techniques described above can be used in terrain mapping and surveying, with the three-dimensional 
data being input to a geographic information system (GIS) or other topographic database for example. 

Claims 

1. In an image processing apparatus having a processor for processing input signals defining images of an object 
taken from a plurality of undefined camera positions, a method of processing the input signals to produce signals 
defining matching features in the images, the method comprising the steps of: 

(a) identifying matching features in the images using a first technique; 

(b) calculating the camera positions using identified matching features; 
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(c) determining Ihe accuracy of the calculated camera positions and 

(d) ,f the accuracy of the calculated camera positions is below a'threshold: 

" bXeCsranr 963 * * ^ "* ^ M * """W «n the images 

" ^n?Xt e : s r h ' n9 fea,UreS ^ ima9eS USin9 3 S6C0nd techni ^ e - *» matching features 

5. A method according to any preceding claim, further comprising the steps of: 

%^Sl^^ n9 « ^ — " ^ ~*» ""»- * the user or 
(f) determining the accuracy of the camera positions calculated in step (e)- and 

itaMo 6 SKJSSJS S,GP <f) iS be, ° W 3 <~ M * 0) unti, , he accuracy is 

6. A method according to claim 5, wherein step (e) comprises: 

ScuS H ST™ P ° Si,i0nS USin9 featUfeS ff0m 3 ,irS » set * mat <*9 '^ures and 
calculating the camera posmons using features from a second set of matching features 

7. A method according to claim 6, wherein: 

the first set of matching features comprises features identified by the user- and 

together with matching ^ ,he " rSt ° r the ~»nd technique 

* o'Sctn^ 

^ *« — * object taken from at 

11. A method according to any preceding claim, wherein the matching features comprise matching points. 

defining a mode, o, the 01^^^^^^^^ US ' n9 *" " eond <° «*J~. — 

13. AmethodaccordingtoCaim,* further comprising the step of processing the object data to generate in.ge data. 

14. A method according to Cairn , 3, further comprising the step o, displaying an image of the object. 

15. A method according to Cairn , 3 or Cairn 1 4, further comprising the step of recording the image data. 
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16. A method according to any of claims 12 to 15, further comprising the step of transmitting a signal conveying the 
object data. 

17. A method according to any of claims 12 to 16, further comprising the step of recording the object data. 

5 

18. A method of operating an image processing apparatus to process image data comprising images of an object 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

w identifying features using a first technique; 

determining the relationship between the imaging positions using the identified features; 
testing the accuracy of the determined relationship and, if it is not sufficiently high: 

(i) identifying features on the basis of user-input signals; and 
is (jj) identifying further features using a second technique and using the features identified in step (i). 

19. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising: 

(a) means for identifying matching features in the images using a first technique; 

(b) means for calculating the camera positions using identified matching features; 

(c) means for determining the accuracy of the calculated camera positions; and 

(d) means for, if the accuracy of the calculated camera positions is below a threshold, identifying further match- 
ing features in the images using a second technique and matching features identified by a user. 

20. Apparatus according to claim 1 9, wherein the first technique comprises processing the input signals to identify 
matching corners in the images. 

21. Apparatus according to claim 19 or claim 20, wherein the second technique comprises dividing each image into 
30 regions in accordance with features identified by the user, calculating the transformation of corresponding regions 

between images, and identifying matching features within corresponding regions using the calculated transforma- 
tions. 

22. Apparatus according to any of claims 19 to 21, wherein means (b) includes means for calculating the relative 
3S position of the camera optical centre for the images. 

23. Apparatus according to any of claims 19 to 22, further comprising: 

(e) means for calculating the camera positions using at least some of the matching features identified by the 
40 user or calculated using the second technique; and 

(f) means for determining the accuracy of the camera positions calculated by means (e); 

the apparatus being controlled such that, if the accuracy determined by means (f) is below a threshold, the 
operations performed by means (d) to (f) are repeated until the accuracy is equal to, or above, the threshold. 

45 

24. Apparatus according to claim 23, wherein means (e) comprises means for: 

calculating the camera positions using features from a first set of matching features; and 
calculating the camera positions using features from a second set of matching features. 

so 

25. Apparatus according to claim 24, wherein 

the first set of matching features comprises features identified by the user; and 

the second set of matching features comprises either (i) matching features identified using the first technique 
55 or the second technique or (ii) matching features identified using the first technique or the second technique 

together with matching features identified by the user. 

26. Apparatus according to any of claims 23 to 25, wherein means (e) includes means for calculating the relative 
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position of the camera optical centre for the images. 

27. Apparatus according to any of claims 1 9 to 26, wherein the number of features identified by the user is less than 
the number of further matching features identified using the second technique and the felTes £ 

^ 27 • *"* - ^ - «» cbiec, ,a k en from 

29. Apparatus according to any of claims 1 9 to 28, wherein the matching features comprise matching points. 

30. Apparatus according to any of claims 19 to 29, further comprising means for processing signals defininq at least 

dSn° Q I hT' ft ,6 f k,en,i,ied by tHe ° r * Usin 9 *• second technique lo^erT^t da" 
defining a model of the object in a three-dimensional space. ' 

31. Apparatus according to claim 30, further comprising means for processing the object data to generate image data. 

32. Apparatus according to claim 31 , further comprising means for displaying an image of the object. 

33> c'STo 25 cS jtSr 0 " 5 CaUSln9 ' Pr ° 9rammab,e Pr ° CeSSin9 3PParatUS 10 ^ a ""toed ac- 

34. Asignalforcausingaprogrammableprocessingapparatustoperformamethodaccordingtoanyofclaimsltoia 

35. In an image processing apparatus having a processor for processing input signals defining images of an object 
taken from a plura My of undefined camera positions, a method of processing the input signals" p^uoe 6 2S 
defining matching features in the images, the method comprising the steps of: 9 

(a) displaying the images to a user, and storing signals defining matching features identified in the images by 

S^lilr 9 !^^' ma,Chin9 f6a,UreS in ,he ima96S USin 9 ,he ma,chi "9 ,eat ^s identified by the user 
(d) determining the accuracy of the calculated camera positions- and 

™SX ^ST" is below a — • — « - « - ^ 

36 ' t*Te?^mlZT" m 35 ' .^r"" StSP <b) C ° mpriSeS d " idin9 each ima 9 e into - accordance with 

features identified by the user, calculat.ng the transformation of corresponding regions between images and IdT 
t-fying matching features within corresponding regions using the calculated tLsformationf 

3? " l^n^r'^'K 9 l0 t C , lairT1 35 ° r C ' aim 36 ' Whefein the number ° f featu «* identified by the user in step (a) is 
less than the number of further matching features identified in step (b) using the features Identified by the user. 

39 - iS^S^TS 35 10 38 ' Wherein step (c> includes calcu,atin9 the rela ^ p ° siti - * - 

40. A method according to any of claims 35 to 39, wherein the matching features comprise matching points. 

41 ' ielt^ ? t0 , 3 7 °' C ' aimS 35 10 40 ,Ufther COmprisin 9 ,he s,e P ° f P roc ««ing signals defining at least 

42. A method according to claim 41 , further comprising the step of processhg the object data to generate image date. 

43. A method according to Cairn 42, further comprising the step of displaying an image of the object. 
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44. A method according to claim 42 or claim 43, further comprising the step of recording the image data. 

45. A method according to any of claims 41 to 44, further comprising the step of transmitting a signal conveying the 
object data. 

46. A method according to any of claims 41 to 45, further comprising the step of recording the object data. 

47. A method of operating an image processing apparatus to process image data comprising images of an object 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

(a) processing user-input signals defining matching features in the images to identify further matching features; 

(b) determining the accuracy of the identified further features; and 

(c) if the accuracy is not sufficiently high, repeating steps (a) and (b). 

48. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising: 

(a) means for storing signals defining matching features identified in the images by a user; 

(b) means for identifying further matching features in the images using the matching features identified by the 
user; 

(c) means for calculating the camera positions using at least some of the matching features identified by the 
user or means (b); and 

(d) means for determining the accuracy of the calculated camera positions; 

the apparatus having control means operable such that, if the accuracy determined by means (d) is below 
a threshold, the operation of prompting the user to identify further matching features and the operations performed 
by means (b) to (d) are repeated until the accuracy is equal to, or above, the threshold. 

49. Apparatus according to claim 48, wherein means (b) comprises means for dividing each image into regions in 
accordance with features identified by the user, means for calculating the transformation of corresponding regions 
between images, and means for identifying matching features within corresponding regions using the calculated 
transformations. 

50. Apparatus according to claim 48 or claim 49, wherein the number of features identified by the user is less than the 
number of further matching features identified by means (b) using the features identified by the user. 

51. Apparatus according to any of claims 48 to 50, wherein the input signals define images of the object taken from 
at least three undefined camera positions. 

52. Apparatus according to any of claims 48 to 51, wherein means (c) includes means for calculating the relative 
position of the camera optical centre for the images. 

53. Apparatus according to any of claims 48 to 52, wherein the matching features comprise matching points. 

54. Apparatus according to any of claims 48 to 53, further comprising means for processing signals defining at least 
some of the matching features identified by the user or means (b) to generate object data defining a model of the 
object in a three-dimensional space. 

55. Apparatus according to claim 54, further comprising means for processing the object data to generate image data. 

56. Apparatus according to claim 55, further comprising means for displaying an image of the object. 

57. A storage device storing instructions for causing a programmable processing apparatus to perform a method ac- 
cording to any of claims 35 to 47. 

58. A signal for causing a programmable processing apparatus to perform a method according to any of claims 35 to 47. 
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(a) identifying matching features in the images using a first technique; 

(b) calculating the camera positions using identified matching features- and 

posSonr" 9 ,Urther matChin9 f6atUreS in thS ima96S USin9 3 ^'technique and the calculated camera 

60. A method according to claim 59, wherein the first technique comprises processing the input siqnals to disolav th s 
-mages to a user, and storing signals defining matching features ideni in the images by Jne ut r * 

61 ' ^TjZ°^ n T7 6 °' t erein ,eChnlqUe fUrth8r COm P' ises P rocessi "9 ^ ^ut signals to 

.dentify further matching features .n the images using matching features identified by the user. 

62. A method according to claim 61 , wherein steps (a) and (b) comprise: 
(i) identifying matching features in the images 

f!!n C d a ltl n ini h l Camera P0Si, '° nS f ° f ,he im39eS USin 9 ,he matchi "9 fea '"<* identified in step (i); 
in determ.ning the accuracy of the camera positions calculated in step (iiV and 
(iv) if the accuracy calculated in step (iii) is below a threshold: 

' by th^ser'and" 13965 * * ^ "* ^ ^ definin 9«"9 ^tures identified in the images 

" SrShil"? 6 ,' matC !: in 9' ea,ures in ,he ^ges ^9 a technique different to that used in step (i) and 
the matching features identified by the user. H K > 

63. A method according to claim 61 or claim 62, wherein steps (a) and (b) comprise: 

the SeT" 9 ima96S 10 3 US6r ' S, ° rin9 Si9nalS de,inin9 ma,Chin9 f6atUreS iden,ified in ,he ima 9 es b V 
(2) identifying further matching features in the images using the matching features identified by the user in 

2cu:;t^ 

6S " lT m ^ aCC , 0 / d r 10 any .° f daimS 61 ,0 64 ' Wherein the number of fea «"^s identified by the user is less than 
the number of further, match.ng features identified using the features identified by the user. 

68. A ™mod aeeording «, claim 67, «ssi M ur s ,n in, «« imag0 B a eomer 
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70. A method according to any of claims 59 to 69 : wherein the step of calculating the camera positions includes cal- 
culating the relative position of the camera optical centre for the images. 

71. A method according to any of claims 59 to 70, wherein the matching features comprise matching points. 

72. A method according to any of claims 59 to 71 , further comprising the step of processing signals defining at least 
some of the identified matching features to generate object data defining a model of the object in a three-dimen- 
sional space. 

73. A method according to claim 72, further comprising the step of processing the object data to generate image data. 

74. A method according to claim 73, further comprising the step of displaying an image of the object. 

75. A method according to claim 73 or claim 74, further comprising the step of recording the image data. 

76. A method according to any of claims 72 to 75, further comprising the step of transmitting a signal conveying the 
object data. 

77. A method according to any of claims 72 to 76, further comprising the step of recording the object data. 

78. A method of operating an image processing apparatus to process image data comprising images of an object 
taken from a plurality of imaging positions of undefined relationship, so as to identify corresponding object features 
in the images, the method comprising: 

identifying features using a first technique; 

determining the relationship between the imaging positions using the identified features; and 
identifying further features using a second technique and the relationship between the imaging positions. 

79. An image processing apparatus for processing input signals defining images of an object taken from a plurality of 
undefined camera positions to produce signals defining matching features in the images, comprising: 

(a) means for identifying matching features in the images using a first technique; 

(b) means for calculating the camera positions using identified matching features; and 

(c) means for identifying further matching features in the images using a second technique and the calculated 
camera positions. 

80. Apparatus according to claim 79. wherein the first technique comprises processing the input signals to display the 
images to a user, and storing signals defining matching features identified in the images by the user. 

81. Apparatus according to claim 80, wherein the first technique further comprises processing the input signals to 
identify further matching features in the images using matching features identified by the user. 

82. Apparatus according to claim 81 , wherein means (a) and (b) comprise means for identifying the matching features 
and calculating the camera positions by: 

(i) identifying matching features in the images; 

(ii) calculating the camera positions for the images using the matching features identified in step (i); 

(iii) determining the accuracy of the camera positions calculated in step (ii); and 

(iv) if the accuracy calculated in step (iii) is below a threshold: 

displaying the images to a user, and storing signals defining matching features identified in the images 
by the user; and 

identifying further matching features in the images using a technique different to that used in step (i) and 
the matching features identified by the user. 

83. Apparatus according to claim 81 or claim 82, wherein means (a) and (b) comprise means for identifying the match- 
ing features and calculating the camera positions by: 
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feature in a third of the images; and 

(e) calculating the camera position for the third image using the matching feature(s) identified in the second 
and third images in step (d). 

98. A method according to claim 97, wherein step (c) is performed using a different technique to step (a). 

99. A method according to claim 97 or claim 98, wherein step (a) comprises processing the input signals to identify 
matching corners in the first and second images. 

100. A method according to any of claims 97 to 99 : wherein steps (a) and (b) comprise: 

(i) identifying matching features in the first and second images using a first technique; 

(ii) calculating the camera positions for the first and second images using the matching features identified in 
step (i); 

(iii) determining the accuracy of the camera positions calculated in'step (ii); and 

(iv) if the accuracy calculated in step (iii) is below a threshold: 

displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; and 

identifying further matching features in the first and second images using a second technique and the 
matching features identified by the user. 

101 .A method according to claim 100, wherein the first technique performed in step (i) comprises processing the input 
signals to identify matching corners in the first and second images. 

102. A method according to any of claims 97 to 101 , wherein steps (a) and (b) comprise: 

(1) displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; 

(2) identifying further matching features in the first and second images using the matching features identified 
by the user in step (1); 

(3) calculating the camera positions for the first and second images using at least some of the matching features 
identified in step (1) or step (2); 

(4) determining the accuracy of the camera positions calculated in step (3); and 

(5) if the accuracy of the calculated camera positions is below a threshold, repeating steps (1) to (4) until the 
accuracy is equal to, or above, the threshold. 

103. A method according to any of claims 97 to 102, wherein step (c) comprises processing the input signals to search 
a part of the second image to identify a feature within the part which matches a feature in the first image, the 
location of the part within the second image being dependent upon the location of the feature in the first image 
and the camera positions calculated in step (b). 

104. A method according to claim 98, wherein step (a) comprises processing the input signals to display the first and 
second images to a user and storing signals defining matching features identified in the first and second images 
by the user. 

105. A method according to claim 104, wherein step (a) further comprises processing the input signals to identify further 
matching features in the first and second images using matching features identified by the user. 

106. A method according to claim 105, wherein step (a) comprises dividing each of the first and second images into 
regions in accordance with features identified by the user, calculating the transformation of corresponding regions 
between the first and second images, and identifying matching features within corresponding regions using the 
calculated transformations. 

107. A method according to claim 105 or claim 106, wherein the number of features identified by the user is less than 
the number of further matching features identified using the features identified by the user. 

108. A method according to any of claims 104 to 107, wherein step (a) further comprises processing the input signals 
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to identify matching corners in the first and second images. 
109.A method according to any of claims 97 to 1 08, wherein the matching features comprise matching points. 
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(c) means for identifying further matching features in the first and second images using the camera positions 
calculated by means (b); 

(d) means for matching at least one of the further matching features identified in the second image by means 
(c) with a feature in a third of the images; and 

(e) means for calculating the camera position tor the third image using the matching feature(s) identified in 
the second and third images by means (d). 

121. Apparatus according to claim 120, wherein means (c) is arranged to identify matching features using a different 
technique to means (a). 

122. Apparatus according to claim 120 or claim 121, wherein means (a) is arranged to process the input signals to 
identify matching comers in the first and second images. 

123. Apparatus according to any of claims 120 to 122, wherein means (a) and (b) are arranged to perform their oper- 
ations by: 

(i) identifying matching features in the first and second images using a first technique; 

(ii) calculating the camera positions for the first and second images using the matching features identified in 
step (i); 

(iii) determining the accuracy of the camera positions calculated in step (ii); and 

(iv) if the accuracy calculated in step (iii) is below a threshold: 

displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; and 

identifying further matching features in the first and second images using a second technique and the 
matching features identified by the user 

124. Apparatus according to claim 123, wherein the first technique performed in step (i) comprises processing the input 
signals to identify matching corners in the first and second images. 

125. Apparatus according to any of claims 120 to 124, wherein means (a) and (b) are arranged to operate by: 

(1 ) displaying the first and second images to a user, and storing signals defining matching features identified 
in the first and second images by the user; 

(2) identifying further matching features in the first and second images using the matching features identified 
by the user in step (1); 

(3) calculating the camera positions for the first and second images using at least some of the matching features 
identified in step (1 ) or step (2); 

(4) determining the accuracy of the camera positions calculated in step (3); and 

(5) if the accuracy of the calculated camera positions is below a threshold, repeating steps (1 ) to (4) until the 
accuracy is equal to, or above, the threshold. 

126. Apparatus according to any of claims 120 to 125, wherein means (c) comprises means for processing the input 
signals to search a part of the second image to identify a feature within the part which matches a feature in the 
first image, the location of the part within the second image being dependent upon the location of the feature in 
the first image and the camera positions calculated by means (b). 

1 27. Apparatus according to claim 121, wherein means (a) comprises means for processing the input signals to display 
the first and second images to a user and storing signals defining matching features identified in the first and 
second images by the user. 

128. Apparatus according to claim 127, wherein means (a) further comprises means for processing the input signals 
to identify further matching features in the first and second images using matching features identified by the user. 

129. Apparatus according to claim 128, wherein means (a) comprises means for dividing each of the first and second 
images into regions in accordance with features identified by the user, means for calculating the transformation of 
corresponding regions between the first and second images, and means for identifying matching features within 
corresponding regions using the calculated transformations. 
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137.Apparatus according ,o Caim 1 36, further comprising means for displaying an image of the object. 
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the step of processing the first and second input signals to determine the strength of any edges between matched 
features defined by the second input signals in at least one of the images, and connecting the matched features 
in dependence upon the determined edge strengths. 

5 148. A method according to claim 147, wherein the step of connecting matching features to form regions includes the 
steps of processing the first and second input signals to determine the strength of any edges between matched 
features defined by the second input signals in a first said image and the strength of any edges between matched 
features defined by the second input signals in a second said image, calculating a combined strength measure for 
corresponding edges in the first and second images, and connecting matched features in the first image and 

io matched features in the second image to form a side of a said region if the calculated combined strength measure 

of the edges therebetween is greater than a threshold. 

149. A method according to claim 148, wherein the combined strength measure for corresponding edges is determined 
by calculating the geometric mean of the strength of the edge in the first image and the strength of the corresponding 

is edge in the second image. 

150. A method according to claim 148 or claim 149, wherein edges in an image having a combined strength measure 
greater than the threshold are processed to remove cross-overs therebetween, and matched features defining the 
resulting edges are connected to form a side of a said region. 

20 

151. A method according to claim 150, wherein the edges are processed to remove cross-overs by: 

(i) testing the edge with the highest combined strength against each edge of lower combined strength, in order 
of decreasing combined strength, and, if it is determined that the two edges cross, deleting the edge with the 

25 lower combined strength; 

(ii) testing the edge of next highest combined strength which remains against each edge of lower combined 
strength which remains, in order of decreasing combined strength and, if it is determined that the two edges 
cross, deleting the edge with the lower combined strength; and 

(iii) repeating step (ii) until the edge with the next highest combined strength which remains has the lowest 
30 combined strength of the remaining edges. 

152. A method according to any of claims 147 to 151, wherein any three matched features having therebetween two 
edges having a strength greater than a threshold are connected to form a triangular region Jn the first image and 
in the second image. 

35 

153. A method according to any of claims 140 to 152, wherein, in the step of identifying matching features within cor- 
responding regions, features having an approximately uniform spatial separation in a first of the images are selected 
for matching against features in a second of the images. 

40 154.A method according to claim 153, wherein the features in the first image are selected by applying a grid to divide 
the first image into areas, and selecting features from the areas. 

155. A method according to any of claims 140 to 154, wherein the input signals define images of the object taken form 
at least three undefined camera positions. 

45 

156. A method according to claim 155, wherein the step of identifying matching features within corresponding regions 
includes a step of trying to match at least some features in a first of the images already matched with features in 
a second of the images with features in a third of the images. 

so 1 57. a method according to any of claims 1 40 to 1 56, wherein the transformation calculated for corresponding regions 
between images is an affine transformation. 

158. A method according to any of claims 140 to 157, further comprising the step of processing the first input signals . 
to generate the second input signals. 

55 

159. A method according to claim 158, wherein the step of processing the first input signals to generate the second 
input signals comprises processing the first input signals to display the images to a user, and storing signals defining 
matching features identified in the images by the user. 
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160.A method according to any of claims 1 40 to 1 59, wherein the matching features comprise matching points. 
161 .A method according to claim 160. wherein the matching features comprise comer points. 

some of thematchmgfeaturestogenerate object data defining a model of the object ha£^2r^.££ 

163. A method according to claim 162, further comprising the step of processing the object data to generate image data. 

164. A method according to claim 163, further comprising the step of displaying an image of the object. 
1S5.A method according to claim 1 63 or claim 1 64, further comprising the step of recording the image data. 

166 oTecSa 3000 ^ 9 ,0 ^ ° f daimS 162 ,0 1 65 ' ' Urth6r the sl< * of lrans ™"<"9 • ^nal conveying the 

167.A method according to any of claims 162 to 166. further comprising the step of recording the object data 

notiomuy drviding each image into segments on the basis of the corresponding features defined in the input 

determining the mapping of corresponding segments between images- and 
identifying corresponding features using the calculated mappings 
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176.Appara,us according to any of claims 173 to 175. wherein the dividing means indudes means for processing the 
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first and second input signals to determine the strength of any edges between matched features defined by the 
second input signals in at least one of the images, and means for connecting the matched features in dependence 
upon the determined edge strengths. 

177. Apparatus according to claim 176, wherein the dividing means includes means for processing the first and second 
input signals to determine the strength of any edges between matched features defined by the second input signals 
in a first said image and the strength of any edges between matched features defined by the second input signals 
in a second said image, means for calculating a combined strength measure for corresponding edges in the first 
and second images, and means for connecting matched features in the first image and matched features in the 
second image to form a side of a said region if the calculated combined strength measure of the edges therebe- 
tween is greater than a threshold. 

178. Apparatus according to claim 177, wherein the combined strength measure for corresponding edges is determined 
by calculating the geometric mean of the strength of the edge in the first image and the strength of the corresponding 
edge in the second image. 

179. Apparatus according to claim 177 or claim 178, wherein edges in an image having a combined strength measure 
greater than the threshold are processed to remove cross-overs therebetween, and matched features defining the 
resulting edges are connected to form a side of a said region. 

180. Apparatus according to claim 179, wherein the edges are processed to remove cross-overs by: 

(i) testing the edge with the highest combined strength against each edge of lower combined strength, in order 
of decreasing combined strength, and, if it is determined that the two edges cross, deleting the edge with the 
lower combined strength; 

(ii) testing the edge of next highest combined strength which remains against each edge of lower combined 
strength which remains, in order of decreasing combined strength and, if it is determined that the two edges 
cross, deleting the edge with the lower combined strength; and 

(iii) repeating step (ii) until the edge with the next highest combined strength which remains has the lowest 
combined strength of the remaining edges. 

181. Apparatus according to any of claims 176 to 180, wherein any three matched features having therebetween two 
edges having a strength greater than a threshold are connected to form a triangular region in the first image and 
in the second image. 

182. Apparatus according to any of claims 169 to 181, wherein the identifying means comprises means for selecting 
features having an approximately uniform spatial separation in a first of the images and for matching the selected 
features against features in a second of the images. 

183. Apparatus according to claim 182, wherein the features in the first image are selected by applying a grid to divide 
the first image into areas, and selecting features from the areas. 

1 84. Apparatus according to any of claims 1 69 to 1 83, wherein the input signals define images of the object taken form 
at least three undefined camera positions. 

1 85. Apparatus according to claim 1 84, wherein the identifying means is arranged to try to match at least some features 
in a first of the images already matched with features in a second of the images with features in a third of the images. 

186. Apparatus according to any of claims 169 to 185, wherein the calculating means is arranged to calculate an affine 
transformation. 

187. Apparatus according to any of claims 169 to 186, further comprising means for processing the first input signals 
to generate the second input signals. 

188. Apparatus according to claim 1 87, wherein the means for processing the first input signals to generate the second 
input signals comprises means for processing the first input signals to display the images to a user, and for storing 
signals defining matching features identified in the images by the user 
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189. Appara,us according to any of claims 169 to 188, wherein the matching features comprise matching points. 

190. A PP arat US according to claim 169, wherein the matching features comprise corner points 

^.Apoaratusaccordingtoclaim^ 

193.A Ppa ra.us according to claim 192, further comprising means for displaying an image of the object. 
"t^^J^^ZZ " — * ' ™° P— "» -PP— * Perform a method 
195.A signal for causing a programmes processing apparatus to perform a method according to any of Cairns 140 
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__£OR^ECONDPAIR OF IMAGES IN TRIPLE S54 



CALCULATE CAMERA TRANSFORMATIONS FOR 
CURRENT TRIPLE 



S56 




INPUT MATCHING POINTS FOR FIRST PAIR OF IMAGES 
AND SECOND PAIR OF IMAGES 



S60 



PERFORM AFHNfc INI | |AL l-EATURE MATCHING FOR 
FIRST PAIR OF IMAGFS im tpip, p 
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S72 



PERFORM AFHNb INI | IAL FEATURE MATCHING FOR 
SECOND PAIR OF IMAGES IN TRIPLE 



I 



INPUT MATCHED 
POINTS 



S64 



" -t _ S66 J ~~ 

S70 



REQUEST USER TO 




[l^Kr-UKM CONSTRAINED FEATUREM ATCHING FOR [1 
L I CURRENT TRIPLE 




S74 



YES 



Fig. 7. 
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APPLY PIXEL MASK TO FIRST IMAGE OF 
TRIPLE AND CALCULATE VALUE FOR EACH 
PIXEL INDICATING AMOUNT OF "EDGE" AND 
"CORNER" 


S80 




r 




IDENTIFY AND STORE STRONG CORNERS IN 
FIRST IMAGE 


S82 




r 




APPLY PIXEL MASK TO SECOND IMAGE OF 
TRIPLE AND CALCULATE VALUE FOR EACH 
PIXEL INDICATING AMOUNT OF "EDGE" AND 
-CORNER" 


S84 




r 




IDENTIFY AND STORE STRONG CORNERS IN 
SECOND IMAGE 


S86 




r 




CALCULATE SIMILARITY MEASURE 
BETWEEN STRONG CORNERS IN FIRST 
AND SECOND IMAGES 


S88 




r 




IDENTIFY AND STORE MATCHES 


S90 




r 





Fig. 8. 
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APPLY PIXEL MASK 
TRIPLE AND CALCUU 
PIXEL INDICATING AM 
"COF 


TO THIRD IMAGE OF 
\TE VALUE FOR EACH 
OUNT OF "EDGE" AND 
tNER" 






IDENTIFY AND STORE STRONG CORNERS IN 
THIRD IMAGE 


r— 3 




CALCULATE SIMILARITY MEASURE FOR 

EACH PAIR OF STRONG CORNERS 
BETWEEN SECOND AND THIRD IMAGES 




r 


IDENTIFY AND S' 


FORE MATCHES 
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S94 
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Fig. 9, 



Fig. 10 a. 



Fig.10b. 
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FIND EDGES BETWEEN USER- 
IDENTIFIED POINTS IN EACH IMAGE OF 
THE PAIR 






f 




CONNECT POINTS TO CREATE 
TRIANGLES 




i 


r 




CALCULATE FURTHER CORRESPONDING 
POINTS IN THE PAIR OF IMAGES 






f 



S102 



S104 



Fig. 11. 
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CALCULATE EDGE STRENGTHS IN FIRST 
IMAGE OF PAIR 






f 




CALCULATE EDGE STRENGTHS IN 
SECOND IMAGE OF PAIR 
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CALCULATE COMBINED EDGE STRENGTHS 
AND RETAIN STRONG EDGES 


^ 


r 




REMOVE CROSSOVERS 









S106 



S108 



S110 



Fig. 12. 
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SMOOTH IMAGE DATA 



S114 



CALCULATE EDGE MAGNITUDE AND 
DIRECTION VALUES FOR EACH PIXEL 



S115 



CALCULATE STRENGTH OF EACH 
EDGE IN IMAGE AND STORE RESULTS 



T 



S116 



Fig. 14. 
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ARRANGE EDGES IN FIRST IMAGE OF PAIR IN COMBINED 
STRENGTH ORDER (HIGHEST FIRST) 






► 



TAKE NEXT PAIR OF EDGES 



S120 



S122. 





Fig. 15. 
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EDGE 2 



EDGE 1 



Fig. 16a. 



EDGE 1 



EDGE 2 



Fig. 16b. 




EDGE 1 



EDGE 2 



Fig. 16c. 
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JOIN POINTS IN FIRST IMAGE CONNECTED 
BY STRONG EDGES 




r 


COMPLETE TRIANGLES ALREADY HAVING 
TWO STRONG EDGES 




r 



S140 



S142 



SORT ALL REMAINING CONNECTIONS IN 
TERMS OF CONNECTING LENGTH 



JOIN POINTS WITH SHORTEST CONNECTING 
LENGTH IF THIS DOES NOT CAUSE A 
CROSS-OVER 



S146 




YES 



S150 



Fig. 17. 
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CALCULATE AFFINE TRANSFORMATION FOR EACHl 

TRIANGLE BETWEEN IMAGFS OF pair I S160 



SET UP IMAGE GRID AND EMPTY ALL GRID 
SQUARES 




I wN«utK NEXT EMPTY GRID SQUARE IN FIRST 
I IMAGE OF PAIR 

© (f 



S180 



Fig. 18. 
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PICK "BEST" POINT WHICH LIES IN TRIANGLE AND 
GRID SQUARE 




TRY TO FIND CORRESPONDING POINT IN SECOND 
IMAGE OF PAIR 




Fig. 18. 
Cont. 
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Fig. 19. 




S200 



ARE IMAGES 
IN THE TRIPLE THE FIRST 

THREE IMAGES IN THE 
POSITIONAL SEQUENCE? 



S202 



CALCULATE CAMERA 
TRANSFORMATIONS 
USING ROUTINE 1 



NO 



S204 



CALCULATE 
CAMERA 
TRANSFORMATIONS 
USING ROUTINE 2 



Fig. 20. 
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S206 



SET UP PARAMETERS 



S208 



CALCULATE CAMERA 
TRANSFORMATIONS FOR FIRST PAIR OF 
IMAGES IN TRIPLE AND STORE RESULTS 



S210 



CALCULATE CAMERA 
TRANSFORMATIONS FOR SECOND PAIR 
OF IMAGES IN TRIPLE AND STORE 
RESULTS 



S212 



CALCULATE CAMERA 
TRANSFORMATIONS FOR ALL THREE 
IMAGES IN TRIPLE AND STORE RESULTS 



Fig. 
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READ CAMERA DATA 



S214 



READ CORRESPONDING POINTS FOR FIRST 
PAIR OF IMAGES AND FOR SECOND PAIR OF 
IMAGES 



S216 



GENERATE LISTS OF CORRESPONDING 
POINTS AS FOLLOWS FOR EACH PAIR OF 

IMAGES: 

(i) USER - IDENTIFIED POINTS 

(it) USER - IDENTIFIED & CALCULATED 

POINTS 

GENERATE LIST OF TRIPLE" POINTS 
(MATCHED IN ALL THREE IMAGES) 



.— 1 




NORMALISE POINTS 



S218 



SET UP MEASUREMENT MATRIX FOR EACH 
LIST OF POINTS 



I 
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S222 



FIRST PAIR OF IMAGES" 

m pIrS™ SS^ t,on for user-identihed points 

00 SSJeESS^™ F0R US ^-'^NT.F,ED * 
On) AFFINE CALCULATION FOR USER-IDENTIFIED POINTS 
OV) AFFINE CALCULATION FOR USER-.DENT.ReS ^ CALCULATED POINTS 
SECOND PAIR OF IMAGES: 

S PErIpISvf r^n^!° N F ° R US ^-'DENT.F.ED PO.NTS 

(Hi) AFFINE CALCULATION FOR USER-IDENTIFIED POINTS 

(.v) AFFINE CALCULATION FOR USER-IDENTIFIED A^ALCULATED POINTS 



S224 



Fig. 22. 



68 



EP 0 898 245 A1 




SET: 



YES 


set: 


> ► 


np = 0 
na = 0 



YES 



np = min 



na = mm 



^4000. j ^k(k-1 



-1Kk-2Kk-3irk-4Vk-fiUk.fi) 



20,160 
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SET: 




np = 


0 


na = 


15 



S236 



l^OO, | ^k(k-1 



Kk-2)fk-3) 



48 



S238 



Fig. 23. 



PERFORM PERSPECTIVE CALCULATION 
FOR IMAGE PAIR AND STORE RESULTS 



S240 



PERFORM AFFINE CALCULATION FOR 
IMAGE PAIR AND STORE RESULTS 



S242 



Fig. 24. 
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SET COUN TER = COUNTER + 1 



SELECT 7 PAIRS OF MATCHED USER-IDENTIFIED 
POINTS AT RANDOM 



J S246 
S248 



CALCUUTE FUNDAMENTAL MATRIX 



CONVERT FUNDAMENTAL MATRIX TO PHYSICAL 
FUNDAMENTAL MATRIX 



TEST PHYSICAL FUNDAMENTAL MATRIX AGAINST 
THE 7 PAIRS OF POINTS USED TO CALCULATE 
FUNDAMENTAL MATRIX 




TEST PHYSICAL FUNDAMENTAL MATRIX AGAINST 
EACH PAIR OF MATCHED USER-IDENTIFIED POINTS 
AND CALCULATED POINTS 



S250 
S252 

S253 
S254 
S255 



IS 

Physical fundamental MATRix 

MORE ACCURATE THAN ANY PREVIOUSLY 
^ -CALCULATED FOR USER-IDENTIFIED^ 
POINTS? ^ 



S256 



r YES 



STORE PHYSICAL FUNDAMENTAL MATRIX TOGETHER 
WITH CONSISTENT POINTS, NUMBER OF POINTS AND 
MATRIX TOTAL ERROR 




S258 



S260 



Fig. 25. 



® 
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SELECT 7 PAIRS OF MATCHED POINTS AT RANDOM 
FROM USER-IDENTIFIED & CALCULATED POINTS 



CALCULATE FUNDAMENTAL MATRIX 



CONVERT FUNDAMENTAL MATRIX TO PHYSICAL 
FUNDAMENTAL MATRIX 



TEST PHYSICAL FUNDAMENTAL MATRIX AGAINST 
THE 7 PAIRS OF POINTS USED TO CALCULATE 
FUNDAMENTAL MATRIX 



S268 



S270 



S272 



S273 



IS PHYSICAL ^ J5274 

FUNDAMENTAL MATRIX SUFFICIENTLY 
ACCURATE? 



r YES 



TEST PHYSICAL FUNDAMENTAL MATRIX AGAINST 
EACH PAIR OF MATCHED USER-IDENTIFIED POINTS 
AND CALCULATED POINTS 



S275 



,s S276 
PHYSICAL FUNDAMENTAL 
"MATRIX MORE ACCURATE THAN ANY PREVIOUSLY 
CALCULATED FOR USER-IDENTIFIED 
& CALCULATED 
POINTS? 



© © 



Fig. 25. 
Cont. 
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© 



STORE PHYSICAL FUNDAMENTAL MATRIX TOGETHER 
WITH CONSISTENT POINTS, NUMBER OF POINTS AND 
MATRIX TOTAL ERROR 



S278 



S280 



COUNTER < np ? 

r YES 



NO 



HAS 

ACCURACY OF PHYSICAL 
FUNDAMENTAL MATRIX INCREASED 
IN LAST np/2 
ITERATIONS? 



S282 



YES 



SELECT MOST ACCURATE PHYSICAL FUNDAMENTAL 
MATRIX AND CONVERT TO CAMERA ROTATION MATRIX 
AND TRANSLATION VECTOR 



S284 



Fig. 25. 
Cont. 
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SET CO 


UNTER 
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S290 



NO 



CALCULATE TANGENT PLANE OF SURFACE 
REPRESENTING PHYSICAL FUNDAMENTAL MATRIX AT 
4D POINT DEFINED BY COORDINATES OF NEXT PAIR OF 
MATCHED POINTS 




r 


CALCULATE NORMAL TO TANGENT PLANE 




r 


CALCULATE DISTANCE ALONG NORMAL FROM 4D POINT 
TO SURFACE REPRESENTING PHYSICAL FUNDAMENTAL 

MATRIX 


_____ ~" 1 

-cC^T DISTANCE 
"^^--^^^ THRES 


r 

LESS THAN 
HOLD? ^ 

YES 

r 


INCREMENT COUNTER. 

DISTi 


STORE POINTS, STORE 
ANCE 
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S294 
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Fig. 26. 
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S310 



na > 0 

FOR USER-IDENTIFIED POINTS? 



YES 



SET COUNTER = COUNTER + 1 



SELECT 4 PAIRS OF MATCHED USER-IDENTIFIED POINTS AT 
RANDOM 



CALCULATE 4 COMPONENTS OF FUNDAMENTAL MATRIX S3 16 



TEST AFFINE FUNDAMENTAL MATRIX AGAINST EACH PAIR OF 
MATCHED USER-IDENTIFIED POINTS AND CALCULATED 
POINTS 



IS AFFINE -^S320 
FUNDAMENTAL MATRIX MORE ACCURATE 
^THAN ANY PREVIOUSLY CALCULATED FOR 
USER-IDENTIFIED POINTS? 



r YES 



STORE AFFINE FUNDAMENTAL MATRIX TOGETHER WITH 
CONSISTENT POINTS, NUMBER OF POINTS AND MATRIX 
TOTAL ERROR 



NO 



S318 



S322 



COUNTER < na ? 

f YES 
HAS 

ACCURACY OF AFFINE 
FUNDAMENTAL MATRIX INCREASED 
IN LAST na/2 
ITERATIONS? 



S324 



S326 



YES 



CONVERT AFFINE FUNDAMENTAL MATRIX INTO PHYSICAL 
VARIABLES DESCRIBING CAMERA TRANSFORMATION 



I 



S327 



Fig. 27. 
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SELECT 4 PAIRS OF MATCHED POINTS AT RANDOM FROM 
USER-IDENTIFIED & CALCULATED POINTS 



CALCULATE 4 COMPONENTS OF FUNDAMENTAL MATRIX 



TEST AFFINE FUNDAMENTAL MATRIX AGAINST EACH PAIR OF 
MATCHED USER-IDENTIFIED POINTS & CALCULATED POINTS 



S332 



S334 



S336 



IS AFFINE 

FUNDAMENTAL MATRIX MORE^""^--^S338 
ACCURATE THAN ANY PREVIOUSLY CALCULATED 
^FOR USER-IDENTIFIED & CALCULATED^ 
POINTS? 



r YES 



STORE AFFINE FUNDAMENTAL MATRIX TOGETHER WITH 
CONSISTENT POINTS, NUMBER OF POINTS AND MATRIX 
TOTAL ERROR 



S340 



S342 




YES 



CONVERT AFFINE FUNDAMENTAL MATRIX INTO PHYSICAL 
VARIABLES DESCRIBING CAMERA TRANSFORMATIONS 



SELECT MOST ACCURATE AFFINE FUNDAMENTAL MATRIX 
AND CORRESPONDING PHYSICAL VARIABLES 



S345 



S346 



Fig. 27. 
Cont. 
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CONSIDER AFFINE-AFFINE CASE AND CALCULATE 

S, p1 AND p2 

LJ~E 



CONSIDER AFFINE-PERSPECTIVE CASE AND CALCULATE 
SAND p1 



CONSIDER PERSPECTIVE-AFFINE CASE AND CALCULATE 
SAND p2 

I 



S350 



S352 



S354 



OPTIMISE SOLUTION 




c. CALCULATED CAMERA TRANSFORMATIONS ARE 
SUFFICIENTLY ACCURATE - CONVERT TO CAMERA ROTATION 
AND TRANSLATION 



S370 



Fig. 28. 
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Fig.29a. 




1st Image 



Fig.29b. 
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2 



TAKE NEXT VALUE OF p1 , p2 



CALCULATE BEST S 



S380 



S382 



IS SOLUTION _ 
MORE ACCURATE THAN CURRENTLY 
STORED SOLUTION? 



S384 



YES 



STORE SOLUTION 




S386 



Fig. 30. 
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Fig. 31 a. 
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Fig.31b. 
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Fig.31c. 



Fig.31d. 
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SET C0UN1 


rER = ZERO 


~ > 

i i 
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SET COUNTER = COUNTER + 1 



READ NEXT TRIPLE OF MATCHED POINTS 



PROJECT RAY FROM EACH POINT IN TRIPLE 

r~ 



□ 



CALCULATE CAMERA TRANSFORMATION BETWEEN FIRST 
AND SECOND IMAGES WHICH MAKES FIRST AND SECOND 
RAYS CROSS AT A POINT 



™ CAMERA TRANSFORMATION BETWEEN SECOND 
AND THIRD IMAGES WHICH MAKES SECOND AND THIRD RAYS 
CROSS AT A POINT 



CALCULATE SCALE 



| | TEST CALCULATED SCALE AGAINST ALL TRIPLE POINTS 



S390 

S392 
S394 
S396 

S398 

S400 

S402 
S404 




STORE CALCUU I hO SCALE. NUMBER OF POINTS, AND " 



TOTAL ERROR 
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Fig. 32. 
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ADJUST POSITION OF CAMERAS FOR SCALE 



SET P = 0 



READ NEXT TRIPLE OF CORRESPONDING POINTS 



PROJECT RAY FOR POINTS OF TRIPLE IN OUTSIDE IMAGES 
(1 AND 3) 



CALCULATE MID-POINT ALONG LINE OF CLOSEST APPROACH 
OF PROJECTED RAYS 



i 



PROJECT MID-POINT INTO MIDDLE IMAGE (2) 



CALCULATE DISTANCE BETWEEN PROJECTED POINT AND 
ACTUAL POINT FROM TRIPLE IN MIDDLE IMAGE 



S420 
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S424 



S426 



S428 



S430 



S432 




Fig. 34. 



82 



EP 0 898 245 A1 





READ EXISTING PA 
PARAMETERS FOR N 


RAMETERS. SET UP 
EW PAIR OF IMAGES 






r 




CALCULATE CAMERA TRANSFORMATIONS FOR 
SECOND PAIR OF IMAGES IN TRIPLE AND STORE 
RESULTS 






r 




CALCULATE CAMERA TRANSFORMATIONS FOR ALL 
THREE IMAGES IN TRIPLE AND STORE RESULTS 





S450 
S452 



S454 



Fig. 36 
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READ CALCULATED CAMERA SOLUTION FOR 
FIRST PAIR OF IMAGES 



S460 



READ MATCHED POINTS FOR SECOND PAIR 
OF IMAGES 



S462 



GENERATE LISTS OF CORRESPONDING 
POINTS AS FOLLOWS FOR SECOND PAIR OF 
IMAGES: 

(i) USER - IDENTIFIED POINTS 

(ii) USER - IDENTIFIED & CALCULATED 
POINTS 

GENERATE LIST OF TRIPLE" POINTS 



1 


r 


NORMALISE POINTS 




f 


SET UP MEASUREMEf 
LIST OF 


*T MATRIX FOR EACH 
POINTS 



S464 



S466 



S468 



DETERMINE NUMBER OF ITERATIONS TO BE PERFORMED FOR 
THE FOLLOWING CALCULATIONS FOR THE SECOND PAIR OF 
IMAGES: 

(i) PERSPECTIVE CALCULATION FOR USER-IDENTIFIED POINTS 

(ii) PERSPECTIVE CALCULATION FOR USER-IDENTIFIED & 
CALCULATED POINTS 

(iii) AFFINE CALCULATION FOR USER-IDENTIFIED POINTS 

(iv) AFFINE CALCULATION FOR USER-IDENTIFIED & 
CALCULATED POINTS 



T 



S470 



Fig. 37. 
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CONSIDER * - AFFINE CASE AND CALCULATE S & p2 




i 






CONSIDER * - PERSPECTIVE CASE AND CALCULATE S 




i 




SELECT MOST ACCURATE SOLUTION 



YES 



S480 



CAMERA 
TRANSFORMATIONS 
ARE NOT 
SUFFICIENTLY 
ACCURATE 



OPTIMISE SOLUTION 



S472 



S474 



S476 




YES 



YES 



S486 



CALCULATED CAMERA TRANSFORMATIONS ARE 
SUFFICIENTLY ACCURATE - CONVERT TO CAMERA ROTATION 
AND TRANSLATION 



S488 



Fig. 38 
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FOR "DOUBLE" POINTS IN FIRST AND SECOND 
IMAGES OF CURRENT TRIPLE OF IMAGES, TRY 
TO IDENTIFY A CORRESPONDING POINT IN 
THIRD IMAGE 










FOR "DOUBLE" POINTS IN SECOND AND THIRD 
IMAGES OF CURRENT TRIPLE OF IMAGES, TRY 
TO IDENTIFY A CORRESPONDING POINT IN 
FIRST IMAGE 





Fig. 39. 



PROJECT NEXT POINT IN SECOND IMAGE WHICH 
FORMS A "DOUBLE" POINT WITH THE OTHER IMAGE OF 
THE PAIR INTO THE REMAINING IMAGE OF THE TRIPLE 
USING THE CALCULATED CAMERA TRANSFORMATIONS 



CALCULATE SIMILARITY MEASURE BETWEEN POINTS 
LYING WITHIN ± SET ERROR IN X DIRECTION AND + SET 
ERROR IN Y DIRECTION OF PROJECTED POINT AND THE 
POINT IN THE SECOND IMAGE 
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YES 

r 


FORM 


TRIPLE 
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S512 
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r 




FOR EACH PAIR OF IMAGES, CALCULATE 3D PROJECTION 
OF EACH USER-IDENTIFIED DOUBLE OR POINTS WHICH 
FORM PART OF A TRIPLE WITH A SUBSEQUENT IMAGE 






f 




IDENTIFY AND DISCARD INACCURATE 3D POINTS, AND 
CALCULATE ERROR FOR EACH PAIR OF CAMERA 
POSITIONS 






r 


ADJUST EACH 3D POINT FOR CAMERA POSITION ERROR 




r 


COMBINE 3D POINTS WHICH ARE FROM A COMMON IMAGE 

POINT 




r 




CHECK THAT COMBINED 3D POINTS CORRESPOND TO 
UNIQUE IMAGE POINTS AND MERGE ONES THAT DO NOT 






r 



S526 



S528 



Fig. 41. 
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CONSIDER NEXT PAIR OF IMAGES 



S530 



PROJECT 3D LINE FROM EACH POINT INI NEXT PAIR OF POINTS IN 

CURRENT PAIR OF IMAGES WHICH FORM A USER-IDENTIFIED 
DOUBLE OR PART OF A TRIPLE OF POINTS WITH A SUBSEQUENT 

IMAGE 



S532 



CALCULATE MID-POINT OF LINE WHICH CONNECTS AND IS 
PERPENDICULAR TO, BOTH PROJECTED LINES 



S534 



HAS A 

CORRESPONDING POINT BEEN MATCHED IN 
NEXT IMAGE? 



S536 



NO 



YES 



PROJECT 3D LINE FROM MATCHED POINT IN NEXT IMAGE 

I 



CALCULATE MID-POINT OF LINE WHICH CONNECTS AND IS 
PERPENDICULAR TO, THE NEW PROJECTED LINE AND THE 
PROJECTED LINE FROM THE PREVIOUS IMAGE 



S538 



S540 



YES 



HAS A 

CORRESPONDING POINT BEEN MATCHED IN 
NEXT IMAGE? 



S542 



YES 



^ ANOTHER PAIR OF S544 

POINTS NOT PREVIOUSLY CONSIDERED 
IN CURRENT PAIR OF IMAGES WHICH FORM 
A USER-IDENTIFIED DOUBLE OR PART OF A TRIPLE 
OF POINTS WITH A SUBSEQUENT 
IMAGE? 



NO 



YES 



S546 



ANOTHER PAIR OF IMAGES? 



NO 



Fig. 42. 
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CONSiusr ALL 3D POINTS. AND CALCULATE THE STANDARD DEVIATION"! 
OF THE X, y and 2 CO ORDINATES --> AX AV AZ 

— * " ~ 



CALCULATE OBJECT SIZE = (AX 2 ♦ Ay 2 + AZ 2 ) 1/2 



S550 



S552 



FOR NEXT PAIR OF CAMERA POSITIONS, CONSIDER NEXT ™ Pmwr 
ORIGINATING FROM A TRIPLE OF POINTS WITH A SUBSFOHPw^im aZc 
AND CALCULATE SHIFT BETWEEN TH.S 3D PoInT AND ^cSSoNnSfr 
POINT PREVIOUSLY CALCULATED FOR SUBsSLSS SSS^SSX? 

POSITIONS 





S558 


' ,S MAGNITUDE ^""^ 




— OF SHIFT > 10% OF OBJECT SIZE? 






S560 


DISCARD BOTH 3D POINTS 



S554 



NO 



YES 



. ANOTHER 

30 POINT FOR CURRENT PAIR OF CAMERA" 
.POSITIONS ORIGINATING FROM A TRIPLE 
OF POINTS? 



S562 



NO 



CALCULATE NET OF SHIFTS BETWEEN POINTS FOR chrrpmt da.d 
CAMERA POSITIONS AND PO.NTS FOR SUBSETS ? £^<KE£ 
™*„ POS,T,ONS TO G'VE ERROR ROTATION MATRIX AND ERROR 
TRANSLATION VECTOR FOR SUBSEQUENT PAIR <££iZ£ES£mOHS 



ADJUST POINTS FOR SUBSEQUENT PAIR OF CAMERA POSITIONS USING 
CALCULATED ERROR TO GIVE CORRECTED 3D POINTS 

I 



CAL ?Ti^ D »LTf RENCE BETWEEN CORRECTED 3D POINT AND 

ITS CORRESPONDING POINT FOR CURRENT PAIR OF CAMERA 
POSITIONS, AND CALCULATE COVARUNCE^K^SSUlIJ) 

OF THE DIFFERENCES 



S564 
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Fig. 44. 
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CALCULATE CUMULATIVE ERROR FOR EACH PAIR OF CAMERA 

POSITIONS 



1 

Fig. 44. 
Cont. 
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Fig.45b. 
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Fig. 46. 
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Fig.47. 




93 



EP 0 898 245 A1 









SORT 3D POINTS IN ORDER OF SIZE OF ERROR ELLIPSOID 
(SMALLEST FIRST) 










r 



S580 



COMPARE NEXT HIGHEST POINT IN LIST WITH ALL 
SUBSEQUENT POINTS AND IDENTIFY ALL SUBSEQUENT 
POINTS FOR WHICH HIGHEST POINT UNDER CONSIDERATION 
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